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Foreword 

This  report  covers  work  carried  out  during  the  period  September  1, 
1948  to  August  31,  1953.  Throughout  this  period,  Status  Reports 
have  been  issued  quarterly  and  Technical  Reports  have  been  issued 
as  of  September  1 in  the  years  1949,  1950,  1951,  and  1952. 

At  its  inception,  it  was  the  purpose  of  this  program  to  prepare 
catalytically  active  metals  of  Periodic  Group  VIII  by  the  reduction  of 
appropriate  salts  by  means  of  solutions  of  metals  in  liquid  ammonia 
and  to  compare  their  physical  properties  with  particular  emphasis 
upon  their  activity  as  hydrogenation  catalysts.  Although  the  antici- 
pated work  on  these  metals  is  by  no  means  complete,  a considerable 
body  of  new  information  concerning  eight  of  the  nine  metals  has  been 
obtained.  An  application  for  a patent  covering  this  particular  method 
for  catalyst  preparation  has  been  filed  with  the  U.  S.  Patent  Office 
(Serial  No.  309,  147;  September  11,  1952). 

As  this  work  progressed,  study  of  the  reduction  reactions  necessary 
for  catalyst  preparation  brought  to  light  certain  interesting  information 
relative  to  unusual  oxidation  states  of  the  Group  VIII  transitional 
metals.  Accordingly,  during  the  latter  part  of  th^  period  covered 
by  this  report,  the  emphasis  was  shifted  in  part  to  include  work  on 
potentiometric  titrations  designed  to  yield  information  concerning 
oxidation  states  and  reduction  reaction  mechanisms. 

Decause  much  of  the  work  done  under  this  contract  has  been  published 
or  is  in  the  process,  this  report  consists  of  (a)  reprints  of  published 
papers,  and  (b)  abstracts  of  papers  that  are  presently  "in  press" 
and  of  papers  that  have  either  been  submitted  for  publication  or  are 
currently  being  written.  As  reprints  of  papers  in  category  (b) 
become  available,  they  will  be  submitted  as  supplements  to  this 
report  in  order  that  the  record  may  be  complete.  These  items  are 
listed  in  the  Table  of  Contents  under  appropriate  headings. 

The  experimental  work  covered  in  this  report  was  done  almost 
entirely  by  graduate  students  whose  names  appear  as  co-authors 
of  papers  published  or  planned  for  publication.  The  extent  to  which 
financial  support  received  under  this  contract  has  contributed  to 
improved  opportunities  for  graduate  study  and  accelerated  research 
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training  of  students  is,  in  the  opinion  of  the  writer,  by  no  means 
a minor  aspect  of  support  of  academic  research  by  agencies  of  the 
federal  government.  Listed  below  are  the  names  and  present  pro- 
fessional connections  of  those  whose  training  has  benefited  by  the 
existence  of  this  research  contract. 

A.  Broodo,  Ph.D.  - Operations  Research  Division,  Consolidated - 
Vultee  Aircraft  Corporation,  Ft.  Worth,  Texas. 

G.  R.  Choppin,  Ph.D.  - Radiation  Laboratory,  University  of 
California,  Berkeley,  California. 

P.  S.  Gentile,  (Ph.D.  candidate)  - Department  of  Chemistry, 

The  University  of  Texas,  Austin,  Texas. 

J.  L.  Hall,  Ph.D.  - Assistant  Professor  of  Chemistry,  Michigan 
State  College,  East  Lansing,  Michigan. 

W.  A.  Jenkins,  Jr.,  Ph.D.  - Atomic  Energy  Division,  E.  I.  duPont 
de Nemours  and  Co.  , Wilmington,  Delaware. 

C.  W.  Keenan,  Ph.D.  - Assistant  Profe ssor  of  Chemistry,  University 
of  Tennessee,  Knoxville,  Tennessee. 

P.  I.  Mayfield,  Ph.D.  - Field  Research  Laboratories,  Magnolia 
Petroleum  Co.  , Dallas,  Texas. 

S.  G.  Parker,  Ph.D.  - Savannah  River  Works,  E.  I.  duPont 
deNemours  and  Co.  , Aiken,  South  Carolina. 

W.  F.  Roper,  Ph.D.  - Field  Research  Laboratories,  Magnolia 
Petroleum  Co.  , Dallas,  Texas. 

M.  T.  Walling,  Jr.,  Ph.D.  - Neucleonics  Department,  General 
Electric  Co  , Richland,  Washington. 

Finally,  the  writer  wishes  to  express  his  gratitude  to  the  Office  of- 
Naval  Research  for  the  financial  support  received  and  for  the  freedom 
that  has  been  allowed  in  determining  the  course  of  this  program. 
Particular  thanks  are  due  Dr.  L.  W.  Butz,  Dr.  Ralph  Roberts, 

Mr.  J.  A.  Bryson,  and  Mr.  F.  M.  Lucas  for  their  assistance  and 
fine  spirit  of  cooperation. 


George  W.  Watt,  Project  Director 
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[CoNTRlWTlON  FROM  TUI-  DEPARTMENT  OF  CHEMISTRY  OF  IKK  UNIVERSITY  OF  TEXAS’ 

The  Action  of  Liquid  Ammonia  Solutions  of  Potassium  and  Potassium  Amide  upon 

Iron(II)  Bromide1 2 3 

By  George  W.  Watt  and  W.  A.  Jenkins,  Jr.5 6 7 

Treatment  of  iron(II)  bromide  with  potassium  in  liquid  ammonia  at  —33.5“  yields  an  amnion ia-in soluble  product  consist- 
ing of  elemental  iron,  iron(I)  nitride,  and  one  or  more  products  of  the  interaction  of  iron  (I  I)  bromide  and  potassium  amide. 
The  iron  produced  in  these  reactions  is  pyrophoric,  does  not  contain  adsorbed  hydrogen,  has  a surface  area  of  8 m.*/g.,  and 
is  inactive  as  a catalyst  for  the  hydrogenation  uf  certain  olefins  at  30“  and  a hydrogen  pressure  of  2 atm. 


The  experiments  described  in  this  paper  repre- 
sent a continuation  of  studies  on  the  reduction  of 
salts  of  Group  VIII  elements  to  the  corresponding 
metals  by  means  of  solutions  of  metals  in  liquid 
ammonia.5  In  these  studies,  emphasis  is  placed 
upon  the  properties  uf  the  reduction  products, 
particularly  with  reference  to  their  activity  as 
hydrogenation  catalysts. 

Experimental 

Material*. —With  the  exception  noted  below,  all  chemi- 
cals used  in  this  work  were  reagent  grade  products  used  with- 
out further  purification  or  were  the  same  as  those  described 
previously.5 

Iron(II)  bromide  was  used  in  the  form  of  the  6-ammonate 
which  was  prepared  by  a method  that  will  be  described  else- 
where.5 

Anal.  Calcd.  for  FeBr,  OXH,:  Fe,  17.6;  Ml,.  32.1. 
Found:  Fe,  17  9;  NH,.  32.2. 

Experimental  Method* — Unless  otherwise  specified, 
equipment  and  techniques  employed  were  the  same  as  those 
described  earlier.5  Reactions  involving  ammonia  solutions 
of  potassium  were  carried  out  in  an  apparatus  of  the  type 
described  by  W’att  and  Moore*;  those  employing  ammonia 
solutions  of  potassium  amide  were  effected  in  equipment 
described  by  Watt  and  Keenan.*  Electron  photomicro- 
graphs were  obtained  using  an  RCA  Type  EMU-1  electron 
microscope;  samples  in  Parlodion  film  were  mounted  on 
200  mesh  screen.’ 

The  Reaction  between  Iron(II)  Bromide  and  Potassium. — 

In  a typical  case.  2.932  g.  of  iron(II)  bromide  6-aramonate 
suspended  in  25-30  ml.  of  anhydrous  liquid  ammonia  was 
treated  with  1 209  g.  of  potassium  (K/FcBr,  - 3 35)  added 
in  one  portion.  All  of  *tv  potassium  reacted  within  10  sec., 
hydrogen  evolution  was  continuous  throughout  the  total 
reaction  time,  and  the  bromide  was  converted  to  a black 
finely  divided  solid.  The  pale  yellow  supernatant  solution 
was  removed,  the  solid  washed  five  times  with  25-mi.  por- 
tions of  ammonia,  resuspended  in  25  -30  ml.  of  ammonia. 


(1)  THU  work  was  supported,  in  part,  by  the  Office  of  Naval  Re* 
•rarcb.  Contract  N’6oar-26<510 

(2)  Radiation  Laboratory.  The  University  of  California.  Berkeley, 
California . 

(3)  G W.  Wati.  W.  P Roper  and  S G Parker,  Tmi  Joubmal. 
forthcoming  publication 

(4)  G W Watt  and  W.  A Jenkins.  Jr..  “Inorganic  Syntheses. ” 
Voi  IV 

(5)  G W Watt  and  T E Moore.  T«i»  Jovbsal,  Tt,  1197  (194®). 

(6)  G W Watt  and  C W.  Keenan,  ibid..  Ti.  3S33  (1*49) 

(7)  The  assistance  of  Mr.  L.  L Antes  is  gratefully  acknowledged 


and  treated  with  an  additional  0.598  g.  of  potassium  (K/ 
FeBr,  — 1.66).  Again,  hydrogen  evolution  was  continuous, 
but  there  was  no  visual  evidence,  of  change  in  the  solid 
phase.  The  ammonia-insoluble  solid  was  washed  with 
liquid  ammonia  until  the  washings  were  free  of  bromide,  ion 
and  thereafter  dried  for  20  hr.  at  room  temperature  and  a 
pressure  of  0.1  mm.  The  resulting  black  solid  was  highly 
pyrophoric;  qualitative  tests  for  bromide  ion  were  negative. 
Data  relative  to  these  reactions  are  given  in  Table  I ; 
variation  in  reaction  ratios  and  inode  of  addition  of  potas- 
sium failed  to  alter  appreciably  the  composition  of  the  am- 
monia-insoluble products. 

Taiii.k  I 

Reduction  of  Iron(II)  Bromide  with  "otassium 

FclirrONHi.  Insoluble  product 


l 

K.  a 

K/Fcllr, 

11,,  cc. 

Fe.  % 

N,  % 

2.264 

0.656“ 

2.36 

83.7 

76  6 

6.2 

2 932* 

1.209 

3.35 

225  6 

0.598 

1 .66 

121.0 

80.6 

5.7 

3.020 

.8-16 

2.28 

106.4 

.848 

2.28 

209.4 

80.5 

5.0 

3 nr 

.862 

2 21 

108  0 

.947 

2.47 

211.9 

82.3 

7.1 

2.243' 

.875“ 

3.40 

153.0 

84.6 

3.6 

• One  addition  of  potassium.  * The  insoluble  product  was 
analyzed  for  potassium.  Found:  9.7%;  total  accounted 
for,  96.0%.  * Potassium  content  of  insoluble  product, 

6.5%;  total  accounted  for,  95.9%.  4 Initial  volume  was 

12-15  ml.  rather  than  25  30  ml. 

The  Reaction  between  Iroo(II)  Bromide  and  Potassium 
Amide. — In  the  course  of  efforts  to  identify  products  formed 
in  the  reduction  of  iron(II)  bromide  with  potassium,  the 
reactiou  betweeu  this  salt  and  potassium  amide  was  studied. 
A suspension  of  2.702  g.  of  irou(II)  bromide  0-aininonate  in 
50  ml.  of  ammonia  was  treated  with  10  ml.  of  ammonia 
solution  containing  the  potassium  amide  equivalent  to 
0.719  g.  of  potassium.  The  bromide  was  immediately  and 
completely  coaverted  to  a black  insoluble  solid  which  was 
washed  and  dried  as  described  above.  This  product  also 
was  markedly  pyrophoric. 

Anal.  Found:  Fe,  61.0;  N.  15.9;  K,8  7. 

Preparation  of  Potassium  Amide. — In  order  to  obtain 
samples  for  X-ray  diffraction  patterns,  potassium  amide  was 
prepared  by  the  iron -catafy red  interaction  of  potassium  and 
liquid  ammonia. 

Anal.  Calcd,  for  ENH,:  JC.70.5.  Found:  ST.fS.9. 

X-Ray  Diffraetiac  Ptltuw. — Ai  a means  at  ideuriSyfag 

the  products  of  the  reduction  of  iron(El)i  ha  am  id*.  X-cavy 
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<itffract>»ii  patterns  were  oUtatmxl  for  these  products,  the 
product  of  the  interaction  of  lronf  II)  bromide  and  potassium 
amide,  and  potassium  amide.  Except  for  the  latter,  un- 
satisfactory patterns  resulted  from  the  use  of  Cn  Ka  radia- 
tion, but  satisfactory  patterns  were  obtained  using  Mo  Ka 
radiation  (2r  filter;  80  kv.  and  20  in  i ; exposure  time.  22- 
24  hr  ; samples  mounted  in  thin-walled  I’yrc.x  capillaries 
and  rotated  at  2 r.p.m.).  Typical  data  arc  given  in  Tables 
1 1 and  111. 

Table  11 

X-Ray  Diffraction  Data 


l*rod  from 
l:eBi  i 4-  K 
d 

1 

/ 

l-V* 

II, 

1-c.N 

d 

<4 

hi. 

l*rod  from 
FeBrt  -*• 
KNf'.t 
d 

2 97 

2.88 

2 54 

2 43 

2.33 

2 38 

0.20 

2.19 

2 19 

0.25 

2.04 

2.05 

1.00 

2.09 

1 .00 

1.77 

1 .76 

1 83 

1.59 

1 .61 

0.25 

1 47 

1 .43 

0 46 

1 34 

1 29 

1 .23 

1 24 

0 25 

1 .22 

1.16 

1 10 

0 54 

1 1G 

20 

1 14 

. 10 

1.09 

1 .09 

.03 

1 .04 

.05 

* Data  from  A.S.T.M.  Index  of  X-ray  diffraction  pat- 
terns. 
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X-Ray  Diffraction  Data  for  Potassium  Amidf. 


i 

I/I, 

d 

I/I, 

3.86 

0.09 

1 94 

0.10 

3.53 

0.16 

1 85 

. 16 

3.01 

1 .00 

1 75 

.06 

2.71 

0 44 

1 65 

. 10 

2.43 

. 13 

1 41 

.09 

2.23 

. 14 

1 34 

05 

2 07 

.19 

1 . 10 

.05 

Thermal  Decomposition  of  Reduction  Products.— In  a 
typical  experiment  involving  methods  described  previously,* 
0.2.'ifi  g.  of  a product  from  the  reduction  of  iron(ll)  bromide 
with  iKitassium  was  heated  slowly  to  550°  and  maintained 
at  this  temperature  for  3 hr.  The  total  volume  of  gas 
liberated  amounted  to  12.4  cc.  and  was  found  to  consist  of 
9.9  cc  of  nitrogen  (4.00  X 10"*  mole),  2.5  cc.  of  ammonia 
(1.02  X 10_*  mole),  and  only  traces  if  any  hydrogen.  The 
total  nitrogen  content  of  the  solid  sample  calculated  on  the 
basis  of  these  data  is  5.4%,  as  compared  with  the  value 
(Table  1)  of  5 0%  found  by  direct  analysis.  In  similar  ex- 
periments equally  good  or  better  correlations  were  obtained 
in  terms  of  total  gases  liberated  in  relation  to  iron  content 
determinations  made  before  and  after  thermal  decomposi- 
tion 

Surface  Area  Meaaurementa  —By  a modification*'*  of 
the  method  of  Brunauer,  Emmett  and  Teller,  the  surface 
area  of  the  product  from  the  reduction  of  iron(ll)  bromide 
with  ixitassium  was  found  to  be  8.3  sq.  m./g.  Electron 
photomicrographs  showed  reasonably  uniform  particle  size 
with  an  estimated  average  diameter  of  0 1 micron.  On  the 
assumption  of  spherical  particles,  the  calculated  [surface 
area  is  7.6  sq.  m / g . 

Catalytic  Activity.-  As  evaluated  under  conditions  de- 
scrilwd  in  detail  elsewhere,’  products  of  the  reduction  of 
trou(ll)  bromide  with  potassium  were  found  to  be  entirely 
inactive  as  catalysts  for  the  liydrogcualion  of  hexene-1, 
allyl  alcohol  and  propargyl  alcohol.  On  the  other  hand,  it 
was  observed  qualitatively  that  these  products  arc  excep- 


18)  H K.  Rin.  Jr.,  R A Van  Nordrtrand  and  V,  K Krexer.  T 111- 
Joe«NAL.  a*.  34  (1017). 


tionally  active  catalysts  for  the  reaction  between  iKitassium 
and  liquid  ammonia.* 

Discussion 

The  data  in  Table  I show  that  reduction  of 
iron(II)  bromide  with  potassium  yields  products 
in  addition  to  elemental  iron  and  that  the  gross 
composition  of  the  ammonia-insoluble  reduction 
prtKlucts  varies  over  only  a fairly  narrow  range 
despite  considerable  variation  in  the  reaction 
conditions  employed.10  Absence  of  bromide  ion  in 
the  insoluble  products  shows  that  the  conversion 
of  the  iron(II)  bromide  is  complete.  The  most 
probable  interference  with  complete  reduction 
to  elemental  iron  is  the  competing  interaction  of 
iron(Il)  bromide  and  potassium  amide  resulting 
from  the  reaction  between  potassium  and  the 
solvent  under  the  pronounced  catalytic  influence 
of  iron  formed  in  the  primary'  reduction  reaction. 

The  anticipated  initial  product  of  the  reaction 
between  iron(II)  bromide  and  potassium  amide  is 
iron(II)  amide,  but  if  the  gross  ammonia-insoluble 
product  consisted  of  elemental  iron  and  iron(II) 
amide,  complete  thermal  decomposition  should 
yield  at  least  4 moles  of  ammonia  per  mole  of  nitro- 
gen, providing  hydrogen  is  not  formed  during  the 
decomposition.  The  fact  that  the  present  experi- 
ments showed  that  thermal  decomposition  of  the 
reduction  products  gave  4 moles  of  nitrogen  per 
mole  of  ammonia  strongly"  suggested  the  presence 
of  a nitride,  and  the  presence  of  FejN  was  confirmed 
by  the  X-ray  diffraction  data  given  in  Table  II. 
These  data  show  also  the  presence  of  elemental 
iron,  one  or  more  products  arising  from  the  inter- 
action of  iron(II)  bromide  and  potassium  amide, 
and  (together  with  the  data  of  Table  III)  the 
absence  of  potassium  amide.  The  only  two  diffrac- 
tion maxima  ( d — 1.34  and  1.29)  not  accounted  for 
by  the  above  products  do  not  correspond  to  any 
of  the  lines  for  possible  contaminants  such  as  potas- 
sium bromide  or  potassium  hydroxide. 

On  the  basis  of  information  presently"  available, 
it  lias  not  been  found  possible  to  deduce  a reasonable 
mechanism  for  the  formation  of  FejX.  Postulation 
of  a mechanism  to  account  for  this  product"  is  ren- 
dered especially  difficult  because  this  substance  is 
not  formed  in  the  reaction  between  the  bromide  and 
potassium  amide  (see  Table  II).  Bergstrom11  has 
studied  the  reaction  between  iron(II)  salts  and  po- 
tassium amide  at  25°  and  his  results,  although  not 
conclusive,  suggested  the  formation  of  FejN*  and  an 
unsficcified  potassium  compound.  We  were  unable 
to  obtain  any  evidence  for  the  presence  of  this  par- 
ticular nitride  and  it  appeals  that  the  presence  of 
jxitassium  is  more  likely  attributable  to  the  pres- 
ence of  one  or  more  salts  of  amphoteric  bases  com- 
parable to  those  postulated  as  products  of  reactions 
between  nickel(II)  amide  and  potassium  amide.1 
Austin,  Texas  Received  February  12,  1951 

(9)  Cf.  W.  M Burgess  and  II.  1,  ICahlcr.  Jr.,  This  Journal,  60, 
189  (1638). 

(10)  In  numerous  additional  experiment*  for  which  data  are  not 
included  here,  the  iron  content  of  the  arnmonia-iusolithle  products  was 
found  to  range  from  79  to  SI*** 

(11)  This  nitride  has  been  reported  previously  as  a product  of  ihe 
interaction  of  an  equilibrium  mixture  of  ammonia  and  hydrogen 
with  iron  at  400  -MO*  [S  Brunauer.  M It  Jefferson.  1*  11  ltmmrtt 
and  S B Hendricks.  Tiiin  Journal,  13,  1778  [1031)'. 

(12)  f;  W Bergstrom,  ibi  / 46,2031  1921) 
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An  Improved  Apparatus  for  the  Study  of  Reactions  in  Liquid  Ammonia1  * 

By  CiitoRta-:  \V.  Watt  and  C.  W.  Kkknan* 


Apparatus  of  tin-  type  dcscrilx-d  by  Johnson  and 
Feruelius4  and  modified  extensively  by  Watt  and 
Mixjre1  for  the  conduct  of  reactions  in  liquid 
ammonia  at  its  boiling  point  involves  two  serious 
shortcomings.  Neither  the  original  nor  the  modi- 
fied apparatus  provides  for  (a)  the  possibility  of 
conducting  titrations  in  a closed  system  (a  pro- 
cedure frequently  advantageous  in  establishing 
the  stoichiometry  of  reactions  of  liquid  ammonia 
solutions  of  alkali  and  alkaline  earth  metals),  or 
(b)  the  substantially  quantitative  removal  of 
solid  reaction  products  following  in  situ  filtration 
and  washing,  without  exposure  of  these  products 
to  the  atmosphere.  Both  of  these  objectives  are 
realized  through  use  of  the  apparatus  described  in 
the  present  paper. 

\ 1 The  major  pat t of  this  work  wa<  done  under  the  spons orsbip  of 
the  Otfiec  »*f  Naval  K exarch.  Con  tract  N6onr  -26AI0 

,2)  The  liquid  ammonia  employed  in  these  studies  was  generously 
supplied  l»y  |{  I du  P**nl  dr  Nemours  and  Company 

(3)  Present  adtlrrss  Department  of  Chemistry,  1 lie  t’mvrrsilv 
*»f  Tennessee.  Knoxville.  Tennessee. 

t ) Jolmvu)  and  l;rrm*lins.  J ( hrm  Iducatton . 7,  *>K|  . 

<r>)  Watt  wnH  M...»rr,  *1  fopas*i  . 70,  1 107  < 


Two  relatively  simple  reactions  were  chosen  to 
demonstrate  the  operability  of  the  equipment,  i. 
e.,  the  reduction  of  ammonium  bromide  and  sil- 
ver(I)  bromide  with  liquid  ammonia  solutions  of 
potassium. 6 These  cases  show  that  the  equip- 
ment described  below  permits  one  to  exercise  close 
analytical  control  over  all  reactants  and  products, 
including  gaseous  products;  the  importance  of  so- 
doing  has  been  emphasized  elsewhere.7 

Experimental 

Apparatus.- The  apparatus  designed  to  meet 
the  needs  indicated  above  is  shown  in  Fig.  1 
In  general,  this  equipment  is  similar  to  that 
described  by  Watt  and  Moore*;  consequently 
only  the  improvements  will  be  ]>ointed  out  here. 

(6)  Several  investigator*  have  shown  that  xilvcr(l)  salts  other 
than  the  bromide  „.c  reduced  to  elemental  silver  by  the  action  of 
liquid  ammonia  solutions  of  alkali  and  alkaline  earth  metals  |r/  , 
Kraus  and  Kurt/.  This  Joi’knai..  47,  43  fHi2r>);  Buraev*  »ud 
Smoker,  tbiu  . §2,  3. *73  (lU’hi).  Chem  Krrs  . 8,  2 Hi  (11*31.;  Zintl. 
Couheau  and  Dullenkopf.  /.  phyuk  Ck*m  . A 1 54,  1 M93J);  Bur 
and  Smoker.  Tirrs  Joi.hnai  , 58,  409,  4f».*  'H»37)J. 

(7,i  Per  nelitiv  ut:d  Walt.  ( t:f»\  Rert  . 10,  202.  2 Hi  M'i  .T 
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The  novel  features  are  the  buret  a and  the  in- 
ternal in-line  filter8  b.  Both  the  buret  and  the 
main  reaction  cell  c are  provided  with  addition 
bulbs  connected  by  ball-socket  joints  held  by 
spring  clamps  (not  shown).  In  actual  operation, 
ammonia  is  condensed  in  the  buret  until  it  is  ap- 
proximately one-half  full,  a known  weight  of  al- 
kali metal*  is  added  from  tube  e,  the  solution  is 
stirred  by  a stream  of  ammonia  through  the 
fritted  glass  filter10  d,  and  sufficient  additional  am- 
monia is  then  condensed  in  a to  give  a metal  solu- 
tion of  the  desired  concentration.  Stopcock  si  is 
closed  and  ammonia  is  condensed  in  c,  which  con- 
tains the  substance  which  it  is  intended  to  bring 
into  reaction  with  the  metal  solution. 

Titrations  with  metal  solutions  arc  conducted 
as  follows.  With  stopcock  s»  open,  a positive  pres- 
sure of  dr)-  oxygen-free  nitrogen  is  exerted 
(through  stopcock  s,)  upon  the  surface  of  the  metal 
solution  in  a.  While  the  solution  (or  suspension) 
in  c is  stirred  by  a slow  stream  of  ammonia  gas, 
stojKock  si  is  opened  and  metal  solution  is  deliv- 
ered dropwisc  into  c via  the  capillar)-  delivery  tip 
f,  and  at  the  same  time  the  metal  solution  is  fil- 
tered through  d.  Addition  of  metal  solution  may 

($)  Arc  Clots.  Inc  . Cat  No.  S.'#70.  filter  tube,  porosity  C or  D. 

l9j  The  metal  is  cul  under  dry  xylene,  so  that  only  freshly  cut 
surfaces  arc  exposed  While  still  wet  with  xylene,  the  metal  is  traas 
ferred  to  tube  e while  a current  of  dry  ammonia  gas  is  admitted  :*a 
Stopcock  H The  xylene  is  volatilized  in  the  ammonia  gas  stream, 
tube  e i»  tightly  i!opj>crrd.  stopcock  sa  i*  itosed,  and  the  tube  and  its 
contents  are  weighed  Thereafter,  tube  e is  attached  to  the  side  arm 
on  buret  a wlncb  is  previously  flushed  nut  with  dry  ammouia  gas 

(10  Ace  Glass.  Inc  Cat  N»»  A.V75.  filler  lube.  por«»s;ty  C 


be  interrupted  upon  the  apj>earancc  in  c of  a color 
change,  a precipitate,  the  beginning  or  cessation  of 
gas  evolution,  or  the  first  apj>earance  of  the  char- 
acteristic blue  color  denoting  the  presence  of  ex- 
cess metal  solution. 

(Stopcock  Si  is  submerged  in  the  coolant  ammo- 
nia contained  in  the  outer  Dewar  flask  and  is  lu- 
bricated with  Dow  Corning  high  vacuum  grease. 
This  stopcock  is  held  in  place  by  a spring  clamp 
(not.  shown)  and  is  manipulated  by  means  of  the 
metal  rod  g which  is  connected  through  a glass 
ring  sealed  onto  the  handle  of  the  stoj>coek  si. 
This  rod  extends  through  a glass  sleeve  in  the  rub- 
ber stopper  and  the  closure  between  rod  and  sleeve 
is  made  with  rubber  tubing. | 

Upon  completion  of  a reaction  that  yields  a 
solid  product,  filtration,  washing,  and  collection 
of  the  solid  are  accomplished  as  follows.  With 
controlled  reduction  of  the  pressure  in  tul>c  h (evac- 
uated via  stopcock  s«),  stopcock  s7  is  opened  and 
the  contents  of  c filtered  through  b.  The  solid  on 
the  filter  b is  washed  with  fresh  portions  of  ammo- 
nia successively  condensed  in  c and  drawn  over 
through  b as  descrit>ed  above.1  * At  the  same  time, 
the  filtrate  and  washings  are  collected  quantita- 
tively in  li.  While  the  solid  on  the  filter  is  still  wet 
with  ammonia,  cap  k (together  with  tubes  1,  m,  and 
the  gas  exit  tube)  is  removed  from  reaction  cell  c 
and,  with  stopcock,  s7  ojxm,  a small  rubber  cap 
(small  bore  pressure  tubing  closed  at  one  end  with 
a screw  clamp)  is  quickly  placed  over  the  intake 
end  of  the  filter  tul>e,  t.  e.,  at  n.  Tube  in  is  then 
broken  off  at  point  p,  attached  to  the  vacuum  line 
at  point  p,  evacuated  for  a few  minutes,  and 
sealed  off  just  above  n.  Following  thorough  evac- 
uation to  remove  excess  ammonia,  tube  m is 
sealed  off  between  p and  the  top  of  tire  filter  tube, 
and  transferred  to  a drv  box  for  all  subsequent 
manipulations.  Thus  the  solid  sample  is  isolated 
without  exposure  to  the  atmosphere.11 

The  caj)  k is  a rubber  stopper  bored  out  to  fit 
over  the  tube  c and  held  firmly  in  place  by  a metal 
collar  (not  shown)  which  is  tightened  with  a 
screw.  This  type  of  cap  obviates  use  of  a thick 
stopper  which  would  restrict  the  side-to-sidc  move- 
ment of  tubes  1 and  in  which  are  connected 
through  k by  means  of  rubhcr-to-glass  seals  which 
are  kept  gas-tight  by  means  of  spring  clamps  (not 
shown). 

Titration  of  Ammonium  Bromide  Solution  with 
Potassium  Solution. — Weighed  samples  of  am 

(11)  An  alternative  procedure  is  uved  with  very  finely  divided 
solids  which  tend  to  clog  (be  filter  medium.  The  initial  reaction  is 
conducted  witn  filter  b raised  upward  in  c so  that  t lie  intake  tip  i*f 
the  filter  is  above  the  level  of  the  solution  in  c.  The  solid  is 
allowed  to  settle,  filter  b is  lowered  carefully  and  tbe  supernatant 
solution  is  drawn  off  with  minimum  disturbance  of  the  settled  solid. 
Thereafter,  the  solid  is  washed  several  times  by  condensation  of  fresh 
ammonia,  settling,  and  decantation,  before  tile  bulk  of  the  solid  m 
finally  drawn  over  onto  tbe  filter 

(12)  While  this  procedure  roa>  appear  to  involve  risk  of  exposure 
of  the  sample  to  tbe  atmosphere,  samples  of  highly  pyrophoric 
metals  which  react  violently  upon  the  slightest  exposure  have  been 
handled  in  this  manner  without  any  evidence  of  atmospheric  oxidw 
tion 
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luouiuiii  bromide  dissolved  in  approximately  .')() 
ml.  of  liquid  ammonia  in  c were  titrated  with 
potassium  solutions  of  known  concentration 
delivered  from  the  edibrated  buret  a.  The 
first  appearance  of  a permanent  blue  color 
(characteristic  of  solutions  of  metals  in  ammonia) 
was  taken  as  the  end  point.  Data  for  two  such 
titrations  are  given  in  Table  I (Expts.  1 and  2). 

TaijLK  I 

Reduction  op  Ammonium  Bromide  and  Silvek(I) 


Bromide 

Rc-aCtantH.  C. 

l’n 

xiucts 

Acctd 

Sub 

Meas- 

for. 

stance 

ured  Calcd.  * 

Mr-lNUfCtt 

Calcd  ° 

c 

NII«Br 

1 .0061 

l K 

0 397*  0 -«02 

99 

Hi 

109  cc . 

1 15  cc. 

95 

NlWlJr 

1 .0518 

l K 

0.418*  .420 

100 

11> 

1 19  rc 

120  cc. 

99 

Afcllr 

.3173 

3 K 

.0607*  .0660 

101 

Af 

0. 181K  w 

0. 1822  g. 

99.8 

Af  Hr 

.2877 

4 K 

.0598*  .0599 

100 

Af 

0.1640  c 

0 165,3  g. 

99  6 

• Calcd.  on  the  basis  of  the  weight  of  ammonium  bromide 
or  silver (I)  bromide  used.  * Measured  as  a portion  (15- 
20  ml.)  of  a known  volume  (25-30  ini.)  of  potassium 
solution  containing  a weighed  quantity  of  potassium. 


Reduction  of  Silver!  I)  Bromide  with  Potas- 
sium. Solutions  containing  known  weights  of 
silver(I)  bromide  were  similarly  titrated  with 
potassium  solutions.  In  these  cases,  however, 
the  end-point  could  not  be  detected  as  indicated 
above,  owing  to  the  presence  of  the  black  finely 
divhled  precipitate  of  elemental  silver.  Conse- 
quently, a calculated  volume  of  potassium  solu- 
tion was  added,  the  precipitate  allowed  to  settle, 
and  drops  of  potassium  solution  were  added  to  the 
clear  supernatant  solution  until  there  was  no  fur- 
ther evidence  of  reaction.  The  combined  super- 
natant solution  and  washings  gave  a negative  test 
for  silver  ion.  The  resulting  data  are  shown  as 
Expts.  3 and  4,  Table  I . 

Summary 

An  improved  apparatus  for  the  conduct  of  re- 
actions in  liquid  ammonia  at  its  boiling  point  has 
been  described,  and  its  utility  demonstrated. 
This  apparatus  provides  for  titrations  employ- 
ing liquid  ammonia  solutions  of  metals  aud  per- 
mits one  to  carry  out  filtration  and  purification 
operations  at  the  boiling  point  of  the  solvent. 

It  has  been  demonstrated  that  silver(I)  bro- 
mide is  reduced  to  elemental  silver  by  reaction 
with  solutions  of  potassium  in  liquid  ammonia. 
Austin",  Texas  Received  March  25.  1949 
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The  Reduction  of  Certain  Cobalt  Salts  in  Liquid  Ammonia1 2 * 

By  George  \Y.  Watt  and  C.  W.  Keenan 

Data  arc  given  to  show  that,  in  reaction  with  potassium  in  liquid  ammonia,  cohali(Il)  nitrate  is  converted  to  cobalt(II) 
amide,  with  coacomitant  reduction  of  nitrate  to  nitrite.  Cobalt(ll)  amide  and  cobalt(III)  bromide  are  reduced  principally 
to  elemental  cobalt.  Data  on  the  comparative  activily  of  this  product  as  a hydrogenation  catalyst  are  included 


The  reduction  of  salts  of  nickel  and  iron  to  the 
corresponding  metals  (and  ether  products)  by 
means  of  liquid  ammonia  solutions  of  potassium, 
and  results  obtained  in  the  use  of  these  reduction 
products  as  catalysts  for  the  hydrogenation  of 
certain  olefins  have  been  described  in  earlier  papers 
from  these  laboratories. ’■*  The  present  paper  is 
concerned  with  similar  data  relating  to  cobalt. 

Experimental 

With  the  exceptions  noted  below,  all  experimental  meth- 
ods and  materials  were  the  same  as  those  described  pre- 
viously.,•, 

Cobult(il)  nitrate  6-ainmonate  was  prepared  by  a minor 
modification  of  the  method  of  Kpbraim  and  Rosenberg.* 
The  ammonia  content  of  this  salt  was  found  to  be  cxtrciiiclv 
sensitive  to  the  temperature  employed  during  its  formation. 

Anal.  Calcd.  for  Co(NO,)j-6NH,:  Co,  20.7;  NH», 

35.8.  Found:  Co.  20. (i;  NTH,,  37.0. 

Cobalt(IlI)  bromide  G-ammonate  was  prepared  as  c?i- 
rcctcd  by  Bjerrutn.* 

Anal.  Calcd.  for  Colir, -6NT1,:  Co,  14.7.  Ur.  59.0. 

Found:  Co,  I t .7;  Br,  60.0. 

Cobalt  for  use  ill  comparative  studies  of  catalytic  activity 
ami  related  properties  was  prepared  by  reducing  cobalt(Ill) 
oxide  with  hydrogen*  for  22  hr.  at  250-260°. 

Anal.  Found:  Co.  100.3. 

Reduction  of  Cob»lt(II)  Nitrite  6-Ammonite  — In  a 
typical  experiment,  a solution  of  1.345  g.  of  cobalt(II)  ni- 
trate 6-amwonate  in  65  ml.  of  liquid  ammonia  at  —33.5° 
was  titrated  with  0.5-14  M potassium  solution7  until  a total 
of  0.372  g.  of  the  metal  had  been  added  [mole  ratio  K/Co- 
(NO«),  — 2.02J.  Throughout  the  course  of  ihe  reaction 
a bulky  blue  precipitate  was  formed;  there  was  no  liberation 
of  hydroien  or  other  insoluble  gas,  aud  the  supernatant  solu- 
tion was  colorless.  The  precipitate  was  washed  with  liquid 
ammonia  aud  dried  in  vacuo  at  room  temperature  for  3 hr., 
during  which  the  solid  gradually  became  black.  This  prod- 
uct was  at  no  time  exposed  to  the  atmosphere. 

Anal.  Calcd.  for  Co(\'H»)»:  Co,  64.8.  Found:  Co, 
65.4. 

The  solid  residue  remaining  after  evaporation  of  the  com- 
bined filtrate  aud  washings  was  dissolved  in  water  to  form 
a colorless  solution  which  gave  positive  tests  for  nitrite  ion 
(aniline-, iheuol  test)  and  nitrate  ion  (brucine-tin(II)  chlo- 
ride test). 

Reduction  of  Cobtlt(II)  Amide. — Cobalt(ll)  nitrate  G- 
ammonate  (0.711  g. ) was  converted  to  cobait(II)  amide  in 
the  manner  described  above.  The  amide  was  washed 
thoroughly,  resuspended  in  60  ml.  of  liquid  ammonia  and 
treated  with  a volume  oi  standard  potassium  solution  ap- 
proximately 15%  in  excess  of  that  calculated  for  reduction 
of  the  amide  to  elemental  cobalt.  The  resulting  black  solid 
was  washed  with  ammonia  and  dried  in  vacuo  at  room  tem- 
perature. The  resulting  solid  was  found  to  contain  only 


(1)  Tbit  work  mi  supported,  io  perl,  by  Ihe  Office  of  Naval  Re- 
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(2)  G.  W.  Watt  tod  W A Jenkiot,  J-.,  ibid..  It,  3275  (1951). 
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(5)  J.  Bjemim.  "lnorfanie  Syolheaea.’'  Vol  11.  McCraw-Hil!  Book 
Co  loe  . New  York.  N V 1946,  p.  219 

(4)  H.  Moiaaen.  Aaa  .-kirn  pVyi  . It,  242  (1880). 

(7)  Identical  reaulla  were  obtained  In  eapcrimeola  io  which  the 
polaawum  waa  added  at  a tolid 


90  1%  cobalt,  and  in  no  case  was  cobalt(II)  amide  reduced 
to  a product  of  higher  cobalt  content.  Largely  because  of 
the  unattractive  physical  properties  of  cobalt(ll ) amide  and 
the  difficulties  attendant  upon  handling  this  intermediate 
in  the  available  equipment,  neither  cobalt(ll)  nitrate  nor 
cobalt(ll)  amide  was  investigated  further. 

Reduction  of  Cobalt(III)  Bromide  0 Ammonate. — Sus- 
pensions of  this  salt  in  ra.  65  ml.  of  liquid  ammonia  were  re- 
duced with  potassium  added  both  as  solid  and  in  liquid 
ammonia  solution.  In  cither  case  the  bromide  was  rapidly 
converted  to  a black  solid,  hydrogen  was  evolved  throughout 
the  course  of  the  reaction,  and  hlue-gieen  and  red  colored 
solutions  were  formed  dci>ending  upon  the  rate  of  addition 
of  potassium.  Upon  completion  of  the  reactions,  the  in- 
soluble products  were  washed  with  ammonia,  dried  in  vacuo 
at  room  temperature,  and  at  all  times  protected  from  the 
atmosphere  since  these  products  were  markedly  pyrophoric. 
Solutions  of  these  products  in  dilute  nitric  acid  did  not  give 
positive  tests  for  bromide  ion.  Representative  data  that 
show  the  effect  of  variation  of  reaction  ratios  and  mode  of 
addition  of  potassium  u[>oii  the  cobalt  content  of  the  am- 
monia-insoluble products  arc  given  in  Table  1,  which  also 
includes  information  relative  to  different  modes  of  treatment 
of  these  products. 

Table  1 

Reduction  op  Cobalt(III)  Bromide  with  Potassium  in 
Liquid  Ammonia 


Run  No. 

Salt,  g.* 

K.  g. 

K/CoBr. 

Co.  %» 

13 

6.789 

2.550* 

3.85 

90.8* 

14 

3 398 

2.749 

8.29 

92.6* 

15 

3.422 

3.508* 

10.5 

87.0 

16 

3.398 

2.456 

7.4) 

96.1 

18 

3 401 

2.407 

7.26 

96.6 

19 

3.406 

2 364 

7.12 

90.8' 

21 

3.401 

2.156 

6.50 

93.4' 

• Added  in  the  form  of  CoBr,-6N'H».  * The  cobalt  con- 
tent of  fourteen  independent  reduction  products  ranged 
from  86.2  to  96.6%;  average,  92.4.  * Potassium  added  in 
liquid  ammonia  solution.  4 5 * Found:  \'H»,  3.8;  K,  3.3; 
total  accounted  for,  97.9.  ‘Found;  N'H»,  1.1;  K,  6.0; 
total  accounted  for,  99.7.  ' Ammonia-insoluble  product 

was  washed,  resuspended  in  liquid  ammonia,  and  trented 
with  1.201  g.  of  ammonium  bromide.  * After  washing  with 
ammonia,  the  insoluble  product  was  removed  from  the  re- 
actor as  a slurry  in  absolute  ethanol. 

X-Riy  Diffraction  Patterns. — The  presence  of  elemental 
coball  in  the  products  of  the  reduction  of  cobalt(lll)  bro- 
mide with  potassium  in  ammonia  and  of  cobalt(lll)  oxide 
with  hydrogen  was  established  by  means  of  X-ray  powder- 
diffraction  patterns  using  samples  mounted  in  Pvrcx  capil- 
lary tubes.  The  data  are  given  in  Table  II;  no  extraneous 
lines  were  observed. 

Surface  Area  Measurements  - By  means  of  a modifica- 
tion* of  the  method  of  Brunaucr,  Fminett  and  Teller,  the 
surface  area  of  cobalt  from  cobalt(  III)  bromide  was  found  to 
be  24  rn.Vg.  Similarly,  the  area  found  for  cobalt  from  co- 
balt( ill)  oxide  was  2 in.*/g.  On  the  basis  of  electron  photo- 
micrographs obtained  through  the  use  of  an  RCA  Type 
EMU-1  electron  microscope.*  the  average  particle  diameters 
for  cobalt  from  the  oxide  and  bromide  were  estimated  to  be 
2.5  and  0.01  micron,  respectively.  If  spherical  particles 
are  assumed,  the  corresponding  calculated  areas  are  I 3 X 
1 0 and  8.4  m.*/g.,  respectively.  This  marked  divergence 

(8)  H.  B Riea  Jr..  R A Van  Nnrdtlrand  and  W B Kreger.  Tun 
Jouanal.  I*.  35  0947). 

(9)  Tbe  awtlaoce  of  L.  L.  Anlea  it  gratefully  acknowledged 
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Table  11 


X-Ray  Diffraction  Data  for  Cobalt 


Co* 

Co  from  CoHfj* 

Co  from 

CotOi* 

Relalive 

Relative 

d 

l/h 

d 

intensity 

<4 

intensity 

2.158 

0.25 

2.17 

Weak 

2.15 

Weak 

2.037 

1.0 

2.03 

Strong 

2.02 

Strong 

1.915 

1.0 

1.91 

Strong 

1.90 

Strong 

1.773 

0.15 

1.76 

Weak 

1.79 

Weak 

1.484 

.03 

1.50 

Weak 

1.250 

.5 

1.26 

Weak 

1.25 

Weak 

1.148 

.1 

1.14 

Weak 

1 .006 

.6 

1.06 

Medium 

1.06 

Medium 

1.045 

.5 

1.04 

Weak 

• Data  from  A.S.T.M.  Index  of  X-Ray  Diffraction  Pat- 
terns. ' MoKa,  Zr  filter;  25  lir.  exposure  at  80  lev.  and 
20  mu.  • CuKor,  Ni  filter;  23  lir.  exposure  at  80  lev.  and  18 
ma. 

between  the  measured  and  estimated  values  suggests  that 
both  cobalt  samples  were  of  quite  porous  structure. 

Determination  of  Adsorbed  Hydrogen. — In. the  manner 
described  previously’  samples  of  the  ammonia-insolnble 
product  from  the  reduction  of  cobalt(lll)  bromide  were 
heated  at  temperatures  up  to  600°  for  as  much  us  17  hr. 
The  hydrogen  evolved  amounted  to  an  average  of  7.1  ec./g. 
In  one  case  (Table  1,  Run  19),  the  hydrogen  liberated  .upon 
treatment  of  the  ammonia-insoluble  product  with  ammo- 
nium bromide  in  liquid  annnouia  was  measured  and  found  to 
amount  to  0.4  cc./g. 

Catalytic  Activity. — All  evaluations  of  catalytic  activity 
of  cobalt  were  made  using  methods  and  conditions  de- 
scribed previously,’  wilt  the  exception  that  cobalt  catalysts 
were  of  the  order  of  0.2  g.  and  the  duration  of  pre-treatment 
with  hydrogen  was  one  hour.10 

Although  cobalt  produced  by  the  reduction  of  cobalt(III) 
oxide  with  hydrogen  was  found  to  be  entirely  inactive  as  a 
catalyst  for  the  hydrogenation  of  allyl  alcohol  at  30°  and 
1500  mm.  hydrogen  pressure,  cobalt  from  the  reduction  of 
cobalt(lll)  bromide  in  liquid  ammonia  was  active  but  some- 
what less  so  than  Raney  nickel.  The  typic;d  data  shown  in 
Rig.  I illustrate  the  reproducibility  of  the  catalysis  prepared 
in  ammonia  (Runs  10  and  18),  and  the  effect  of  pre-treat- 
ment with  ammonium  bromide  (Run  19)  and  ethanol  (Run 
21).  Rate  data  for  Raney  uickel  W-6  are  included  for  com- 
parison. 

Discussion 

The  products  of  the  reduction  of  cobalt(II) 
nitrate  with  two  atomic  equivalents  of  potassium 
in  liquid  ammonia  have  been  shown  to  consist  of 
insoluble  cobalt(II)  amide  and  a mixture  of  soluble 
nitrate  and  nitrite  ions.  It  is  difficult  to  account 
for  these  products  since  hydrogen  was  not  liberated 
and  because  potassium  hydroxide  was  not  present 
as  an  insoluble  product  at  the  end  of  the  reactions. 
The  following  equations  are  compatible  with  the 
observed  facts 

Co(NO,),  4-  2K — »- Co(NO,XNO,) -f  K,0  (1) 

KiO  4-  NH, ► KOH  4-  KNH,  (2) 

Co(NO,XNO,)  + KNH,  — ► 

Co(NO,XNH,)  4-  KNO,  (3) 
Co(NO,)(NH,)  + KOH  4-  Nil,  — ► 

Co(NH,),  4-  KNO,  4-  H,0  (4) 

The  eobalt(II)  amide  produced  in  these  reactions  is 
identical  in  physical  properties  to  that  produced 
by  Bergstrom"  by  the  interaction  of  eobalt(II) 
thiocyanate  and  potassium  amide  in  liquid  am- 
monia. The  reduction  of  nitrate  to  nitrite  by  solu- 

(10)  Tb*»  pre- treatment  waa  extended  from  15  min.  to  1 hr.  lo  elimi- 
nate an  induction  period  more  pronounced  to  the  me  of  cobalc  then 
previously  observed  in  studies  involving  nickel.1 

(11)  P W.  Berfrtrom,  Tuts  Jouvnal.  4»,  2631  (1924). 
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Tig.  1. — Hydrogenation  of  allyl  alcohol  over  cohalt 
catalysts:  O,  Co.  0.190  g.,  run  no.  10;  •,  Co,  0.203  g.. 
run  no.  18;  tl,  Co,  0..'39  g.,  run  no.  19;  A,  Co,  0.205  g.,  ran 
no.  21 ; »,  Raney  Ni,  0.0206  g. 


tions  of  metals  in  ammonia  has  been  observed 
previously,12  " and  equation  (2)  represents  a well 
known  re'ction." 

When,  in  an  effort  to  reduce  the  cobalt(ll)  amide 
to  elemental  cobalt,  excess  potassium  (as  much  as 
seven  atomic  equivalents)  is  added,  substantially 
all  of  the  nitrate  ion  is  reduced  to  nitrite,  and  the 
ammonia-insoluble  product  consists  principally  of 
potassium  hydroxide  and  elemental  cobalt  together 
with  small  quantities  of  impurities  containing 
cobalt,  nitrogen  and  potassium.  Variable  quanti- 
ties of  hydrogen  are  lilierated  (owing  to  conversion 
of  excess  potassium  to  potassium  amide  under 
the  catalytic  influence  of  the  elemental  coball). 
These  products  may  be  accounted  for  by  reactions 
occurring  subsequent  to  those  represented  by  equa- 
tions (1)  to  (4)  or  by  the  equations 

Co(NO,),  -f  4K  ► Co(NO,),  ) 2K.O  (5) 

2KfO  4-  2NH,  — >■  2KOH  4-  2KN1I,  (0) 

Co(NO,)»  4“  2KNli,  — ^ Co(Nlli),  4-  2K.str,  (#  j 
CcXNll,),  4-  2K  — >-  Co  4-  2KN11,  (8) 

Except  for  the  formation  of  small  quantities  of 
by-products  containing  potassium  and  nitrogen, 
the  reduction  of  cobalt(III)  bromide  with  potas- 
sium produces  principally  elemental  cobalt.  In 
contrast  to  cobalt  formed  by  reduction  of  cobalt- 
(III)  oxide  with  hydrogen,  the  pioduct  from  the 
bromide  exhibits  marked  activity  as  a catalyst  for 
the  hydrogenation  of  allyl  alcohol  at  room  tem 

(12)  W.  M Barge  »nd  F.  R.  Holden,  ibid.,  8S,  <01  d'J.17, 

(13)  F.  W.  Bergstrom,  i bid..  62,  2381  (1840). 

(14)  C.  A.  Kr»u«  «nd  II  H,  Wbyte.  i»id..  48.  1781  (IMA) 
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peratnre  and  a hydrogen  pressure  of  two  atmos- 
pheres. The  catalytic  activity  is  quite  reproducible 
despite  considerable  variation  in  the  cobalt  content 
of  the  ammonia-insoluble  product.  These  cat- 
alysts are  largely  deactivated  by  treatment  with 
ammonium  bromide  (an  acid  in  liquid  ammonia 
and  it  is  of  interest  to  note  that  the  quantity  oi 
hydrogen  thereby  liberated  is  in  good  agreement 
with  that  obtained  by  thermal  desorption.  These 
catalysts  are  also  somewhat  deactivated  by  ex  ten 
sive  washing  with,  or  long  periods  of  storage  under, 


absolute  ethanol,  although  as  shown  in  Fig.  1 
(Run  21;  their  activity  is  substantially  uninfluenced 
by  limited  exposure  to  ethanol.  Preliminary 
studies  of  the  kinetics  of  the  hydrogenation  reaction 
indicate  that  it  is  first  order  with  respect  to  the 
concentration  of  allyl  alcohol.  The  significance  of 
this  fact,  as  well  as  the  surface  area  data,  will  be 
considered  in  later  papers  concerned  with  other 
transitional  metal  catalysts  formed  by  tile  reduc- 
tion of  salts  in  liquid  ammonia. 

Acsun.Tk.xas  Rkckivko  Octoiikk  y,  15)51 


[Uepfintr*!  ffini  the  Jourti.il  of  tire  Arnefic.m  c*,i«nm.il  Nmrtv  74.  i :o  i i t\j  , 

C'*j»*rvht  I'1  •»*  '»>■  ilir  X llienciri  Soviet \ .iitd  fr;mntc«1  l»y  |»rrrt|t",'>n  .»(  *lie  r ? „* lit  o \ n -r 


The  Composition  of  W-6  Raney  Nickel1 

By  George  W Watt  and  Sidney  G.  Parker1 

In  a recent  note,  Ipatieff  and  Pines1  published 
data  on  the  composition  of  W-6  Raney  nickel  that 
differ  markedly  from  results  given  earlier  by  Ad- 
kins and  Billica4  and  from  data  obtained  by  the 
present  authors  prior  to  the  appearance  of  the  note 
by  Ipatieff  and  Pines.  The  latter  authors  as- 
sumed that  a nitric  acid -in soluble  residue  obtained 
during  the  preparation  of  samples  for  analysis  con- 
sisted of  aluminum(III)  oxide  and  that  sodium  was 
present  as  a sodium  aluminate.  Of  the  total  alumi- 
num found,  one  fraction  was  calculated  as  sodium 
aluminate  on  the  basis  of  sodium  found  by  analysis, 
another  small  fraction  was  attributed  to  elemental 
aluminum,  while  the  major  portion  was  interpreted 
as  being  present  as  aluminum(lll)  oxide,  presum- 
ably in  order  that  the  sum  of  the  various  constitu- 
ents be  made  exactly  equal  to  100%.  No  consid- 
eration was  given  to  the  presence  of  minor  con- 
stituents other  than  sodium,  and  Ipatieff  and  Pines 
concluded  that  the  aluminum(III)  oxide  is  present 
in  the  catalyst  formed  by  the  method  of  Adkins  and 
Billica4  and  influences  the  activity  of  the  catalyst. 

Following  publication  of  the  note  by  Ipatieff  and 
Pines,  we  repeated  most  of  our  experiments  and  con- 
firmed the  results  obtained  earlier.  The  catalysts 
used  in  our  work  were  prepared  exactly  as  described 
by  Adkins  and  Billica;  with  one  exception,  the 
method  of  preparation  of  samples  for  analysis  and 
the  analytical  procedures  for  the  determination  of 
nickel  and  aluminum  were  identical  with  those 
specified  by  Ipatieff  and  Pines.  In  contrast  to  the 
work  of  the  latter  authors,  however,  the  nitric  acid- 
insoluble  residue  was  separated  by  filtration, 
washed  with  water,  dried,  and  weighed;  the  fil- 
trates were  analyzed  for  aluminum.4  Whereas 
Ipatieff  and  Pines  describe  the  nitric  acid-insoluble 
residue  as  a dense  white  solid,  we  found  a grayish- 
white  residue  sufficient  only  to  impart  a pronounced 
turbidity  to  the  nitric  acid  solution.  Data  rela- 
tive to  the  aluminum  content  of  these  catalysts  are 

(1)  Thu  work  supported.  in  part.  by  the  Office  of  N'awl  Rc 
search,  Contract  NGonr  2G010 

(21  Field  Research  Laboratories.  Magnolia  Petroleum  Company. 
Dallas.  Texan 

<3/  V.  In.  Ipatieff  and  II  I*>nes.  Tint  J«a  7J.  6320  .I960-. 

i4)  II  Adkin*  and  II  K Billica,  tbtJ  , 70.  G93  (194S) 

(6)  The  nickel  contenl  of  these  particular  catalyst  samples  was 
80  2%  In  other  cases,  nickel  contents  as  low  as  70  75%.  wilb  corre- 
ipoudir.gly  high  aluminum  content  (11-15%)  were  found  depending 
u;>on  lhe  conditions  employed  in  the  preparation  of  the  catalysts 


given  in  Table  I;  the  identity  of  the  nitric  acid- 
msoluble  residue  as  A12Oj-3HiO  is  established  bv  the 
X-rav  diffraction  data  given  in  Table  II. 

Taiilk  1 

Alvminvm  Content  or  W-6  Raney  Xickei. 
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“ Concentration  of  acid  used  to  dissolve  samples  for 
analysis. 

Taiile  11 

X Ray  Diffraction  Data  for  Ai  vminvm(III)  Oxide 
."■Hydrate” 
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1 75 

.41 

1 GO 

o 

1 09 

.41 

1.45 

2 

1 46 

.41 

1.39 

2 

1.41 

.31 

Althougl 

i more  complete  data 

ate  available,  only  the 

it ii  most,  intense  diffraction  maxima  are  included  here. 
* Data  obtained  using  Cu  Ka  radiation,  Ni  fdicr,  2-3  hr. 
exposure  at  30  kv.  and  15  ina.;  samples  mounted  in  cellulose 
icetatc  capillary  tubes.  * Data  from  A S.T.M.  Index  of 
X-Ray  Diffraction  Patterns. 

Spectrographic  analysis  of  nitric  acid  solutions  of 
independent  samples  of  W-6  Raney  nickel4  for 
minor  constituents  gave  the  following  results  (in 
per  cent.):  Na  (0.5),  Fe,  Cu  (0.2);  Ca  (0. 1 > ; 
Mg  (0.005);  <2:  Ce,  Hg;  <0.2:  Ba,  Cd,  Co, 
Cr,  In,  La,  Li,  Mn,  Pb,  Sr,  Ti,  Zn,  Zr.  Elements 
not  detected  include  Ag,  As,  Au,  Bi,  Ga,  K.,  Mo, 
P,  Pt,  Sb,  Sn,  Th,  Tl,  U,  Vr,  and  W;  C was  not  de- 
lected owing  to  interference.7  flic  elements  de- 
tected spectrographically,  together  with  hydrogen 
and  oxygen,  presumably  account  for  that  fraction 

G The  writer*  are  indebted  t«  Dr  'A*  W through  who*e 

^operation  lhesc  data  were  obtained 

7)  The  following  data  (in  per  cent  j were  obtained  for  independent 
N4mp1e*  of  commercial  Raney  alloy:  Nr  (4f*5).  Al  (49  8,';  <0  2 

A*  Ce.  Cu.  Hg.  L*.  <0  1:  Ba.  In.  Th.  Sb.  Th.  7 n.  <0  0 > Cd  Fe. 
Sc  <0  01.  Ib  Ca.  Co.  Cr.  l.a.  Li.  Mg.  Mn.  Na.  Nb  Sr.  Ti.  V Zr. 
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of  the  catalyst  not  represented  by  nickel  and  alumi- 
num. The  spectrographic  analysis  for  sodium  is  in 
good  agreement  with  results  of  chemical  analyses; 
this  clement  may  be  present  as  sodium  aluminatc1 
or  as  sodium  hydroxide  not  removed  despite  ex- 
tensive washing. 

The  data  given  in  Table  I show  that  the  maxi- 
mum alumina  formed  is  1%  rather  than  21%  as 
reported  bv  Ipatieff  and  Pines.  Since  aluminum 
(HI)  oxide  is  insoluble  in  hot  00%  nitric  acid,  the 
small  but  measurable  difference  in  the  quantity  of 
alumina  found  using  concentrated  and  dilute  acid 
cannot  be  attributed  to  solubility.  Furthermore 
it  is  significant  that  the  decrease  in  the  quantity  of 
alumina  found  when  concentrated  nitric  acid  is 
used  to  dissolve  the  catalyst  samples  parallels  quali- 
tatively the  trend  in  oxidation  potential  of  nitric 
acid  as  a function  of  concentration.  This  clearly 
indicates  that  alumina  is  not  a constituent  of  W-6 
Raney  nickel  prepared  by  the  method  of  Adkins 
and  Billica  but  rather  that  alumina  is  formed  during 


dissolution  of  »hc  samples  tak'-r.  for  analysis  This 
conclusion  is  further  supported  by  X-ray  diffrac- 
tion studies  on  Raney  nickel  carried  out  both  in  this 
laboratory  and  in  connection  with  work  described 
by  Taylor  and  Weiss.'  In  both  instances,  no  dif- 
fraction maxima  attributable  co  any  of  the  known 
forms  of  aluminum(III)  oxide  or  its  hydrates  were 
observed.  Finally,  it  should  be  recognized  that  the 
type  of  specif'  coin j>osition  data  proposed  by 
Ipatieff  and  Pines  is  also  unwarranted  on  the 
grounds  that,  even  with  respect  to  the  two  major 
components,  the  composition  of  W-6  Raney  nickel 
catalysts  is  not  rigorously  reproduci’  and  varies 
over  an  appreciable  range  owing  to  unavoidable 
variation  in  the  conditions  that  prevail  during  the 
leaching  of  the  nickel-aluminum  alloy. 

S)  A Taylor  and  J .Va/arr.  141.  1053  (1638). 
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| Contribution  from  the  Department  of  Chemistry  of  the  University  of  Texas] 

The  Catalytic  Activity  of  Metals  Produced  by  the  Reduction  of  Salts  in  Liquid  Ammonia. 

II.  Nickel* 

By  Gkorgk  W.  Watt,  Wiliur  F.  Ropkr*  axi>  Sid.vky  G.  Parker5 

Studies  on  the  preparation  and  properties  of  nickel  hydrogenation  catalysts  former!  by  the  reduction  of  nickel(II)  bro- 
mide with  potassium  in  liquid  ammonia  show  that  the  ammonia  insoluble  reduction  products  include  (in  addition  to  ele- 
mental nickel  and  nickel  amide)  a potassium-containing  substance  that  reacts  with  ethanol  (the  hydrogenation  reaction 
medium)  and  with  ally!  alcohol  (one  of  the  hydrogen  acceptors  employed)  and  influences  both  the  tate  and  mechanism  of 


the  hydrogenation  of  the  latter 

It  was  reported  earlier*  that  nickel  from  the 
reduction  of  uickel(II)  bromide  with  potassium 
in  liquid  ammonia  exhibits  appreciable  activity  as 
a catalyst  for  the  hydrogenation  of  allvl  alcohol. 
More  detailed  studies  are  described  in  the  present 
paper.  Catalysts  prepared  in  liquid  ammonia, 
\V-6  Raney  nickel,  and  nickel  from  the  reduction 
of  uickel(II)  oxide  with  hydrogen  are  compared 
in  terms  of  surface  areas,  adsorbed  hydrogen  and 
hydrogenation  rate  measurements. 

Experimental 

Materials. — -\ickel(ll)  bromide  6-amtnonate  was  pre- 
pared as  descrilied  by  Watt.4  Ally l alcohol  was  generously 
supplied  by  the  Shell  Chemical  Corporation.  Physical 
constants  found  (literature4  values  in  parentheses):  b.p 
96.7  90.9°  cor.  (96 .90  90.98°);  nBn  I 4108  (1.4HI). 
Hexetie-I  (research  grade,  purity  99  22  ± 0. 1(1%)  obtained 
from  the  Phillips  Petroleum  Co.  was  uM-d  without  further 
purification. 

Preparation  of  Nickel  Catalysts.  -W-6  Ranev  nickel  was 
prepared  as  described  by  Adkins  and  Hillica,* 7 stored  under 
iilMmlute  ethanol  at  0°,  and  :it  all  times  protected  from  tl;c 
atmosphere. 

Nickel  was  prepared  from  nickcl(ll)  oxide  by  reduction 
with  prcdricd  hydrogen*  at  known  temperatures  within  the 
range  205-310°,  cooled  to  room  temperature  in  an  atinos- 

v t ) This  work  was  supported . in  part,  by  the  Office  of  Naval  Ue* 
•search,  Contract  N6onr'26C10 

(2)  Field  Research  Laboratories  Magnolia  Petroleum  Co..  Dallas 
Tens. 

,3)  C,  \V  Wall  and  D D Dav,e».  Tilts  Journal  70.  37S3  (1948). 

•4)  <#.  W\  Wall.  Inorganic  Syntheses.  J.  1114  (19.’>0) 

(5)  Shell  Chemical  Corporation.  ‘Aliyl  Alcohol/'  Tech  Publication 
40  22.  Knigbt-Counihao  Co..  San  Francisco,  p.  42.  1940 

(6)  II.  Adkios  and  II  R.  Billica.  Tuts  Joi.'snax..  70.  695  (1948). 

(7)  Data  on  the  composition  of  W 6 Raney  nickel  catalysis  will  be 
published  dtewhere. 

(6)  V Ipatieff.  J.  pen*.  Ckem..  TT.  611  (1906). 


pherc  of  dry  hydrogen,  and  thereafter  protected  from  ex- 
posure to  the  atmosphere.  The  nickel  content  of  these 
products  ranged  from  90.0  to  97.5%. 

The  preparation  of  nickel  catalysts  by  the  reduction  of 
nickcl(U)  bromide  (used  in  the  form  of  the  0-ammonate) 
with  solutions  of  potassium  in  liquid  ammonia  was  carried 
out  using  equipment  and  procedures  described  elsewhere  *• 10 
V ariables  in  addition  to  those  investigated  previously*  were 
studied  in  an  effort  to  produce  catalysts  having  a nickel  con- 
tent comparable  to  those  from  the  reduction  of  nickcK 1 1 ) 
oxide  with  hydrogen.  From  runs  employing  from  1.5  to 
3.0  g.  of  nickcl(fl)  bromide  0-ammonate  dissolved  and  sus- 
pended in  from  12  to  05  ml.  of  liquid  ammonia,  and  reduc- 
tion with  2 to  4 gram  atoms  of  potassiutn/mole  of  bromide, 
ammonia-insoluble  products  having  a wide  range  of  compo- 
sition were  obtained,  i.e.,  Xi,  47-90%;  X,  2-13%  and  K, 
10  28%.  In  10  runs  for  which  complete  analytical  data  arc 
available,  analvses  for  these  three  elements  account  for  an 
average  of  94%  of  the  gross  ammonia-insoluble  product. 
In  addition  to  the  range  of  variables  indicated  above,  fre- 
quency of  agitation  and  repetition  of  addition  of  potassium 
were  also  studied.  In  the  latter  experiments,  the  initial 
solid  reduction  products  were  washed  with  liquid  ammonia, 
resuspended  in  ammonia  and  treated  with  excess  [>otassium 
in  an  unsuccessful  effort  to  reduce  the  by-product  nicke|(lP 
amide  to  elemental  nickel.11  The  product  of  highest  nickel 
content  (90%)  was  obtained  by  reducing  2.0  g.  of  the  bro- 
mide in  12  m!  of  ammonia  with  0 75  g.  of  potassium;  the 
solid  product  was  washed  seventeen  times  with  20-ml.  por- 
tions of  ammonia.  All  transfers  of  solid  catalyst  samples 
were  made  in  an  inert  oxygen-free  atmosphere  in  a dry-box. 

Surface  Area  Measurements. — Surface  areas  were  meas- 
ured by  a modification1*  of  the  method  of  Brunaucr,  Em- 
mett and  Teller.  Values  found  for  nickel  prepared  in 
liquid  ammonia  ranged  from  5 in  */g.  for  a product  contain- 
ing 07%  Xi  to  8 m.*/g.  for  one  containing  84%  Xi.  Simi- 

9)  G \V  Wail  and  T.  li.  Moore.  Tins  Journal.  ?0,  119?  (1948) 

1 10)  C.  W Wail  and  C.  W.  Keenan  iHi  . 71.  3833  (1949) 

111)  W.  M Burgees  and  J W.  Essies.  >6id..  U.  2574  (1941) 

(12)  U.  B.  Rin.  R.  A V»o  Nordilrtod  and  W.  E.  <6i4..  66, 

36  (1947). 
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larly,  the  area  of  nickel  from  nickcl(II)  oxide  was  found  to 
be  17  in.;/'g  , while  that  of  \V- 0 Raitev  nickel  was  S7  ni. */fi. 

Measurement  of  Adsorbed  Hydrogen.— Hydrogen  ad- 
sorbed on  or  otherwise  associated  with  the  nickel  catalysts 
was  measured  as  follows.  Samples  contained  in  an  espe- 
cially designed  Pyrex  glass  sample  tul>e  attached  to  a Toe- 
plcr  pump  were  heated  to  known  temperatures  as  high  as 
550°,  or  until  gas  evolution  ceased.  The  gas  was  pumped 
off  and  collected  over  mercury  in  a gas  buret  attached  to  a 
gas  analysis  train.  Reduction  products  of  nickcl(II)  bro- 
mide having  widely  different  compositions  yielded  from 
traces  up  to  29  cc  H,  g , 26  83  cc.  XHi/g.  and  2-34  cc. 
X3 'g  Under  identical  conditions  nickel  from  nickel(ll) 
oxide  yielded  no  hydrogen  over  periods  up  to  8 hr,  W-6 
Raney  nickel  that  had  aged  2 to  12  months  gave  40  to  74 
cc.  llj/g  ; the  average  was  55)  ce.  'g 

Catalytic  Activity. — The  activity  of  the  three  different 
types  of  nickel  catalysts  was  evaluated  in  terms  of  the  rate 
of  hydrogenation  of  allyl  alcohol  using  a modification  of  the 
apparatus  described  by  Joshel.1*  Practically  all  rate  data 
were  obtained  using  14.63  millimoles  of  allyl  alcohol  (0.850 
g.)  in  10.0  ml.  of  absolute  ethanol  at  30.0  ± 0.5°,  at  a hy- 
drogen pressure  of  1500  a.  5 mm.,  and  with  agitation  at  a 
frequency  of  930  r.p.m.  To  eliminate  induction  periods, 
catalysts  prepared  in  ammonia  were  pretre.ited  with  hydro- 
gen for  15  min.  prior  to  introduction  of  the  acceptor;  nickel 
from  nickel(I  I ) oxide1 1 was  similarly  pretreated  for  30  min. 


T Vf  V ft 

Fig.  I. — Hydrogenation  of  allyl  alcohol  over  Xi  from 
Xillrj:  O,  raw  catalyst;  •,  washed;  A,  KOCjIIj  added;  A, 
washed;  □,  KOH  added;  ■,  washed,  40°. 

(13)  L.  M Joihtl.  Ind  En t Chtm.,  Anal  Ed.  IS.  590  (1943) 
Although  designed  foe  analytical  purposes,  (his  equipment  has  been 
found  adaptabte  to  the  procurement  ot  reliable  rate  data  In  pre. 
limlnary  studiea  with  W.fl  Raney  nickel,  the  maintenance  ot  strady 
st* te  conditions  over  at  least  75%  ot  the  total  reaction  time  was 
demonstrated  repeatedly.  Variables  Investigated  included  tempera- 
ture. hydrogen  pressure,  sgitadon  frequency,  ratio  ot  catalyst  to 
acceptor  and  acceptor  to  aotveot.  concentration  ot  the  hydrogenation 
product,  aod  age  of  the  catalyst.  That  these  studies  led  to  substan- 
tially the  same  conclusions  reached  by  others  (see,  for  example,  fa) 
J.  Bongault.  B Cattdain  and  P.  Cbahrier.  Bull.  toe.  ekim..  (51  I. 
1699  (1938);  (b)  H.  A Smith.  W.  C Bedoit  and  J.  F Puxek,  This 
Jocajrat.,  66,  229  (1946)]  who  used  other  types  ot  equipment  serves 
further  to  establish  the  reliability  ot  tbe  methods  employed  in  the 
present  work. 

(14)  These  products  tree*  foond  to  be  totally  tnactire  as  catalysts 
for  the  hydrogenation  of  allyl  alcohol  when  the  oxide  seas  reduced  at 
•00-310*.  Catalysts  reproducible  with  respect  to  both  composition 


Data  which  show  that  the  catalytic  activity  of  nickel 
from  nickel(!I)  bromide  is  essentially  independent  of  the 
composition  of  the  ainmonia-insoluble  reduction  product 
arc  given  in  Table  1.  These  data  show  also  the  extent  of 
purification  accomplished  by  washing  with  ethanol;  at- 
tempts to  identify  the  impurities  thereby  removed,  by 
means  of  X-ray  diffraction  patterns,  were  unsuccessful. 

The  rate  of  hydrogenation  of  allyl  alcohol  over  nickel  pre- 
pared in  liquid  ammonia  is  shown  for  a typical  case  by  curve 
I in  Fig.  1.  In  this  run,  0.120  g.  of  a catalyst  containing 
6(5.6%  Xi,  6.3%  X,  and  22.9%  K teas  used.  Upon  com- 
pletion of  the  hydrogenation,  the  nickel  was  held  at  the 
I>ottom  of  the  flask  with  the  stirrer  magnet  and  the  solution 
and  suspension  of  impurities  was  drawn  off  under  conditions 
that  obviated  exposure  to  the  atmosphere.  The  catalyst 
was  then  washed  8 times  with  Il)-ml.  portions  of  absolute 
ethanol  and  subsequently  used  for  the  run  shown  as  curve  2. 
In  an  effort  to  reproduce  the  rate  behavior  characteristic 
of  the  raw  catalyst,  the  nickel  was  again  washed  as  de- 
scribed above  and  used  for  another  hydrogenation  after 
addition  of  potassium  ethoxide  at  a concentration  equivalent 


Table  1 


Com  post  ruts 

am)  Activity  oh  Catalysts 
Liquid  Ammonia 

Prepared  i: 

Catalyst 

Nickel  content.  % 

°wt..  mg. 

*Kaw  catalyst 

'After  use 

4(  Am/AI) 

81 

71.3 

. # 

0.14 

94 

57.0* 

.14 

96 

79.6 

.14 

,88 

75.0 

95.5 

.17 

90 

86.6 

90.0 

.18 

67 

90.5 

90.2 

.16 

60 

66.6* 

98.0 

.11 

* Weight  determined  after  use  in  hydrogenation  runs. 
In  most  eases  the  weights  of  raw  catalysts  were  known  and 
the  decrease  in  weight  occasioned  by  washing  with  ethanol 
(sec  footnote  r)  paralleled  closely  the  composition  of  the  raw 
catalyst . Thus,  about  60  mg.  was  lost  in  washing  the  raw 
catalyst  that  contained  66.6%  Ni,  while  only  14  mg.  was 
removed  from  that  containing  90.5%  Ni.  * I.c.,  the  am- 
monia-insoluble reduction  product  sampled  without  cxjk>- 
surc  to  the  atmosphere  or  to  absolute  ethanol.  ‘ Catalyst 
washed  with  cc.  80  ml.  of  absolute  ethanol.  4 Values  in 
terms  of  millimoles  of  hydrogen  consuincd/min.,  after  re- 
action had  proceeded  for  30  min  * In  cases  involving  re- 
duction products  of  low  elemental  nickel  content,  there  was 
visual  evidence  of  reaction  upon  contact  with  absolute 
ethanol. 

to  the  potassium  content  of  the  raw  catalyst  (curve  3,  Fig. 
1).  The  potassium  ethoxide  was  then  washed  out  with 
ethanol  and  the  washed  catalyst  was  used  in  the  run  repre- 
sented by  curve  4.  The  above  sequence  was  repeated 
using  potassium  hydroxide  in  place  of  potassium  ethoxide 
(curve  5).  Finally,  the  potassium  hydroxide  was  removed 
by  washing  with  ethanol  and  the  washed  catalyst  was  used 
for  a hydrogenation  at  40°  (curve  6).  The  catalyst  finally 
recovered  weighed  0.060  g.  and  contained  98.0%  Ni;  the 
loss  in  weight  includes  both  impurities  and  elemental  nickel 
unavoidably  lost  during  the  many  washing  operations. 

The  above  results  indicate  that  the  raw  catalyst  contains 
an  impurity  which  solvolyzcs  upon  contact  with  ethanol  to 
form  potassium  ethoxide.  Such  an  impurity  could  simi- 
larly give  rise  to  the  potassium  salt  of  allyl  alcohol,  thereby 
altering  diffusion  rate,  adsorption  characteristics,  or  other 
rate-controlling  steps  involving  the  hydrogen  acceptor. 
Accordingly,  hydrogenation  runs  using  1.346  g.  (0.016 
mole)  of  hexene-1,  an  acceptor  not  susceptible  to  the  com- 
plications suggested  above,  were  made  under  conditions 
already  specified.  The  data  shown  in  Fig.  2 support  the 
assumptions  made  with  reference  to  the  nature  of  the  im- 
purity in  the  raw  catalysts. 

A comparison  of  the  rates  of  hydrogenation  of  allyl  alcohol 
over  W-6  Raney  nickel,  nickel  from  nickel(II)  oxide,  and 
nickel  from  the  redaction  of  nickel(ll)  bromide  with  potas- 
sium in  liquid  ammonia  is  shown  in  Fig.  3. 


• ad  acttTltT  rc*a!t  wbm  tb«  oxid-  Is  rtductd  at  266-2 *5*.  cf.  Ipoticfl* 

• ad  Ktlbtr  |B«r..  49,  SS  0916)! 
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I- ik  2. — Hydrogenation  of  hexene  1 <>ve»  Nl  fioti:  XiBt. 
• , raw  catalyst;  □,  KOCjlR  added;  O.  washed. 

Discussion 

Work  described  in  this  paper  and  elsewhere* 
shows  that  the  reduction  of  niekel(II)  bromide  vith 
ammonia  solutions  of  potassium  results  in  the 
formation  of  elemental  nickel,  nickeJ(II)  amide  2- 
annnonate,  and  one  or  more  potassium-containing 
products.  The  latter  might  be  exjjceted  to  result 
from  the  action  of  potassium  amide  upon  nickel 
(II)  amide  and/or  its  dcannnoniation  products, 
thereby  giving  rise  to  ammonia  insoluble  salts  of 
amphoteric  bases  such  as  that  described  by  Bo- 
hart,1*  i.e.,  KN(NiNKj)*-(5NHj.  Data  obtained 
by  analysis  of  the  ammonia-insoluble  reduction 
products  however  fail  to  show  a constant  ratio  of 
potassium  to  nitrogen  and  indicate  that  more  than 
one  such  by-product  is  formed.  The  isolation  of 
these  substances  presents  an  cspeci;dly  difficult 
problem  and  we  have  been  unable  either  to  effect 
a separation  or  to  obtain  X-ray  diffraction  patterns 
that  might  serve  as  a basis  for  identification. 

(15)  C S.  Bohan.  J l‘kyi  Cktm  . I»,  037  (1915). 


Fig.  B.  Comparative  activity  of  nickel  catalysts  for  the 
hydrogenation  of  ally!  alcohol;  L),  Ni  from  N'iO;  A,  Nifroin 
XiUfj;  O,  \V  (>  Raney  Ni. 

The  beats  of  activation  calculated  by  the  Ar- 
rhenius equation  for  hydrogenations  of  allyl  alcohol 
over  two  independent  samples  of  catalysts  prepared 
in  liquid  ammonia  are  10  and  7 kcal./niolc.  The 
mu  face  areas  of  \Y-(i  Raney  nickel  found  in  this 
work  arc  somewhat  higher  than  those  found  by 
Smith  and  huzck16  who  used  data  on  the  adsorption 
of  palmitic  acid  from  benzene  solutions.  Am- 
monia adsorption  should  lead  to  higher  areas 
owing  to  the  presence  of  surface  less  readily  acces- 
sible to  the  larger  palmitic  acid  molecules.  Also, 
Kies,  ct  (<•/., 15  reported  that  ammonia  adsorption 
gave  somewhat  higher  surface  area  values  than 
nitrogen  adsorption.  Finally,  it  should  be  recog- 
nized that  the  difference  between  tire  quantity  of 
adsorbed  hydrogen  found  on  Raney  nickel  in  the 
present  work  (59  ce./g.)  and  that  reported  by 
Boiigault,  et  a/.,1**  is  reasonable  in  view  of  the 
difference  in  the  age  of  the  samples  employed. 
Austin,  Texas  Received  February  2,  1051 

(16)  11  A.  South  and  J.  F.  Fu«ck.  Tuis  Jou«N*t..  M,  229  (1948). 
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The  Relative  Catalytic  Activity  of  Nickel  Produced 
by  the  Reduction  of  Nickel(II)  Bromide  with 
Liquid  Ammonia  Solutions  of  Different  Alkali 
Metals1 

Bv  George  \V.  Watt  and  Peggy  I.  Mayfield 
Received  November  l,  1952 

Burgess  and  co-workers  have  reported  marked 
differences  in  both  the  chemical  and  catalytic 
activity  of  silver  and  nickel  precipitated  by  the 
reduction  of  salts  with  solutions  of  metals  in  liquid 
ammonia  at  its  normal  boiling  temperature.  Thus, 
the  reduction  of  certain  silver  salts  with  solutions 
of  jx)tassiiii:i  \ ielded  silver  far  more  active  than  that 
which  resulted  when  sodium  was  employed.2 
Similar  differences  were  observed  in  studies  in- 
volving the  reduction  of  silver  salts  with  solutions 
of  calcium3  and  in  the  reduction  of  nickel  salts 
with  sodium,  potassium  and  calcium.*  No  explan- 
ation of  these  differences  was  proj>oscd  by  Burgess, 
et  a!.,  and  since  similar  observations  have  lx*en 
made  in  our  laboratories  it  seemed  worthwhile  to 
carry  out  somewhat  more*  definitive  experiments. 

hi  view  of  the  presently  accepted  interpretation 
of  the  physical  nature  of  solutions  of  metals  in 
liquid  ammonia,1  it  seems  unlikely  that  differences 
in  die  properties  of  these  reduction  products  are 
attributable  to  any  inherent  differences  in  the 
nature  of  the  metal  solutions.  Rather  it  is  more 
likely  that  both  the  chemical  and  catalytic  activi- 
ties of  the  reduction  products  are  determined  by 
rate  factors  and  solubility  relationships. 

Although  both  the  rates  of  solution  of  the  alkali 
and  alkaline  earth  metals  in  ammonia  and  the 
rates  of  the  ensuing  reactions  with  uickel(II) 
bromide  are  too  rapid  for  accurate  measurements, 
otir  experiments  show  qualitatively  that  both  of 
these  rates  increase  from  lithium  to  cesium.  Fur- 
thermore, the  solubilities  of  the  hv-produets  (alkali 
bromides  and  amides)  increase  in  the  same  direc- 
tion. Thus,  one  obtains  from  the  corrcsjxniding 
reactions,  elemental  nickel  that  is  different  in  only 
one  important  respect,  namely,  surface  area.  This 
is  shown  by  the  fact  that  for  the  prcxbtrts  obtained 
using  lithium,  sodium,  potassium,  rubidium  and 
cesium  as  the  reducing  metals,  catalytic  activity 
per  unit  surface  area  is  substantially  constant. 
The  reiulativc  solubility  of  the  by-products  ob- 
tained using  calcium  obviated  a rigorous  comparison 
including  this  metal. 

(1)  This  work  was  supported,  in  pari,  by  Ihe  Office  of  Naval  Re- 
search. Contract  NGonr  26610. 

(2,  W M Burgess  and  K.  R Hidden.  This  Journal.  459 
(1937) 

(.1)  \V  M.  llurgess  and  F.  R.  Holden,  i bid  . »t.  462  (1937). 

(4)  \V  M.  Burgess  and  J \V  Hastes,  tbtJ  , (3,  2674  (1941). 

(5)  W.  C Johnson  and  A.  W.  Meyer.  Ch(m  H<rs..  8.  273  :193l), 
>/.  \V.  L Jolly.  tbtJ  , *0.  351  (1952). 


Burgess  and  Hastes*  have  attributed  the  pyro- 
phoric character  of  the  elemental  nickel  so-produced 
to  the  presence  of  adsorbed  hydrogen.  While  all 
of  the  products  prepared  in  our  studies  were  pyro- 
phoric in  a degree  that  increased  from  lithium  to 
cesium,  the  corresponding  quantities  of  adsorbed 
hydrogen  per  unit  weight  of  metal  showed  no 
consistent  trend. 

Experimental 

Materials — Hexatinninenickel(Il)  bromide  was  prepared 
as  described  by  Watt.*  All  other  materials  were  commer- 
cial reagent  grade  chemicals. 

Reduction  Reactions. — The  equipment  and  procedures 
employed  were  in  all  respects  the  same  as  those  described 
previously7  except  that  lithium  was  maintained  in  an  atmos- 
phere of  nitrogen  prior  to  addition  to  the  solution  and  sus- 
pension of  nickcl(ll)  bromide,  and  that  rubidium  and  ce- 
sium were  added  in  fragile  glass  ampoules  that  were  subse- 
quently crushed. 

When  samples  of  hcxamniinenickvl(  1 1 ) bromide  of  the 
order  of  2.5  g in  15-20  ml.  of  liquid  ammonia  at  -55.5° 
were  treated  with  alkali  metals  («i.  \0%  in  excess  of  that 
required  for  complete  removal  of  bromide  ion),  both  the 
rates  of  solution  of  the  alkali  metals  and  the  rates  of  the  en- 
siling reactions  with  the  bromide  were  quite  evidently  de- 
pendent upon  the  alkali  metal  cntplovcd.  Approximate 
total  times  that  elapsed  between  the  addition  of  the  alkali 
tnctal  and  the  disappearance  of  the  blue  color  characteristic 
of  solutions  of  these  metals  in  ammonia  were  as  follows: 
Li,  5 mitt.;  Na.  20  sec.;  K.  10  sec.;  Rb,  < 10  sec.;  Cs, 
<<  10  sec.  following  completion  of  t lie  reactions,  the 
aiiltnonia-iiisolttble  prtxlucts  were  washed  with  liquid  am- 
monia, with  ethanol,  and  thereafter  handled  out  of  contact 
with  the  atmosphere  and  under  strictly  anhydrous  condi 
tions. 

Properties  of  the  Reduction  Products.  By  methods  pre- 
viously described/  the  highly  pyrophoric  ammonia-insoluble 
products  were  analyzed  for  nickel,  nitrogen,  bromine  and 

Table  I 

Properties  or  Products  From  thk  Reduction  of  Nicer!. 
(II)  Bromide  with  Alkali  Metals  in  l.tquin  Ammonia 


A ill  mor.ia  i n<«l  :i  bjr  prod  «r  ( 
Sur  face 


Alkali 

mrial 

Ni.  % 

III. 
" It- 

ifri. 
m > k. 

Reaction 

rale 

Ralc/nnil 

area 

Li 

82  3 

17  6 

30* 

i <i 

0 05 

Na 

93  f> 

7 5 

27 

3 1 

.11 

K 

92.0 

18.7 

5-1 

3 8 

07 

Kb 

90 . 4 

10  4 

105 

8 8 

.08 

Cs 

83  9 

2 1 

127 

9 1 

07 

* This  value  was 

determined 

using  a 

sample 

ashed  with 

liquid  ammonia  but  not  with  ethanol  and  involves  a correc- 
tion for  an  initial  rapid  uptake  of  ammonia  during  the  sur- 
face area  determinations.  This  was  attributed  to  the  am- 
nionation  of  impurities  present  and  the  validity  of  this  pro- 
cedure was  confirmed  by  a surface  area  estimate  obtained 
from  electron  photomicrographs  of  an  ethanol-washed  prod- 
uct which  showed  an  average  particle  radius  of  88  A.  and 
led  to  a computed  surface  area  of  38  in.7  g. 


(C)  (».  \V.  Wall.  “Inorganic  Synlhese*.“  V*»l  II.  Mi  Craw  Hill 
Bix>k  Co..  Inc  New  York.  N.  Y . 1950.  p.  lfM 

(7)  (*.  W Wall.  W.  F.  Roper  and  S.  G Barker.  This  Journal.  73. 
7591  -.1951). 
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alkali  metal  after  washing  with  ammonia,  and  usually  only 
for  nickel  following  washing  with  ethanol.  In  addition  to 
surface  area  measurements,  the  quantities  of  hydrogen  asso- 
ciated with  the  reduction  products  were  determined.  Cata- 
lytic activity  was  evaluated  in  terms  of  catalysis  of  the  hy- 
drogenation of  uil > 1 alcohol.  The  essential  lata  are  given 
in  Table  I.  in  which  the  catalytic  activity  tf  the  nickel  is 
expressed  as  the  rate  (in  millimoles  H.  consuined/inin./g. 
of  catalyst)  of  the  catalyzed  hydrogenation  reaction 
and  the  numerical  values  of  which  arc  taken  from  those 
portions  of  the  corresponding  rate  curves  over  which  the 
rates  were  substantially  linear  with  time.  In  all  cases  this 
condition  prevailed  over  at  least  three-fourths  of  the  total 
reaction  time 

Reduction  Reactions  Employing  Calcium. — Similar  re- 
duction reactions  employing  excess  calcium  occurred  at 
about  the  same  rate  as  those  involving  lithium.  Owing  to 


the  insolubility  of  calcium  amide’  and  calcium  bromide,* 
purification  of  the  nickel  by  washing  with  liquid  ammonia 
was  ineffective.  The  composition  of  a typical  animonia- 
insolnble  product  was  as  follows:  N'i,  17. 1,  Hr,  41  d;  N. 
21.4;  Ca,  11.7.  Although  )G%  excess  calcium  was  used 
in  this  particular  case,  unreaeted  )iexaniiuiucnicke)(II) 
bromide  was  present.  Washing  with  ethanol  was  only 
partially  effective  as  a means  of  purification  and  no  means 
was  found  to  purify  the  products  without  eliminating  the 
catalytic  activity  of  the  elemental  nickel  present. 

■S)  F.  \V.  Bergstrom.  A m..  SIS.  34  (1934). 

(9)  M.  Linhard  and  M.  Stephan.  / phytik.  Chrn:  . 1ST.  87  M933). 

Department  op  Chemistry 
University  oe  Trxas 
Austin  12.  Texas 
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"The  Catalytic  Activity  of  Metals  Produced  by  the  Reduction  of 
Salts  in  Liquid  Ammonia.  II.  Ruthenium  and  Rhodium.  " 

By  George  W.  Watt,  Archie  Broodo,  and  W.  A.  Jenkins,  Jr. 

(Manuscript  to  be  submitted  for  publication  in  The  Journal  of  the 
American  Chemical  Society.  ) 

Abstract 

The  reduction  of  ruthenium(III)  iodide  with  potassium  in 
liquid  ammonia  at  -33.  5°  results  in  complete  removal  of 
iodine,  the  concomitant  evolution  of  small  quantities  of 
hydrogen,  and  the  formation  of  an  ammonia-insoluble 
product  which  consists  principally  of  elemental  ruthenium. 
Although  the  composition  of  the  insoluble  solid  product  is 
not  strictly  reproducible,  its  activity  as  a catalyst  for  the 
hydrogenation  of  olefins  is  remarkably  constant.  Similarly, 
the  reduction  of  bromopentamminerhodium(III)  bromide  with 
potassium  yields  elemental  rhodium  in  relatively  pure  form 
which  is  an  exceptionally  effective  catalyst  for  the  hydro- 
genation of  not  only  olefins  but  also  aromatic  nitro  compounds. 
The  reduction  of  the  bromide  is  not  complicated  by  side 
reactions  involving  potassium  amide,  since  the  action  of 
this  reagent  upon  the  bromide  in  independent  experiments 
has  been  shown  to  yield  rhodium(III)  amide. 
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"The  Catalytic  Activity  of  Metals  Produced  by  the  Reduction  of  Salts  in 
Liquid  Ammonia.  III.  Palladium" 

By  George  W.  Watt,  Archie  Broodo,  and  S.  G.  Parker 

(Manuscript  to  be  submitted  for  publication  in  The  Journal  of  the  American 
Chemical  Society.  ) 


Abstract 


The  reduction  of  tran3-dibromodiamminepalladium(II)  with  potassium 
in  liquid  ammonia  at  -33.  5°  occurs  strictly  in  accordance  with  the 
equation: 

Pd(NH3)^Br2  + 2K  - Pd  + 2KB r + 2NH3 
whereas  the  reaction  of  the  same  bromide  with  potassium  amide  in 
ammonia  yields  palladium(II)  amide.  The  elemental  palladium 
prepared  as  indicated  above  is  stable  when  exposed  to  the  atmosphere 
and/or  water,  and  its  catalytic  activity  (as  applied  to  hydrogenation 
reactions)  is  of  a high  order  and  roughly  comparable  to  rhodium 
prepared  in  a similar  manner.  The  catalytic  activity  of  palladium 
prepared  in  ammonia  is  far  greater  than  that  of  the  conventional 
"spongy  palladium".  The  thermal  decomposition  of  palladium(II) 
amide  yields  palladium,  ammonia,  and  nitrogen,  and  there  is  no 
evidence  for  intermediation  of  either  an  imide  or  nitride  of 
palladium. 
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"Evidence  for  the  Existence  of  an  Ammine  of  Platinum(O)" 

By  George  W.  Watt,  M.  T.  Walling,  Jr.,  and  Peggy  I.  Mayfield 

(Manuscript  accepted  for  publication  in  The  Journal  of  the  American 
Chemical  Society.  ) 


Abstract 


The  reduction  of  tetrammineplatinum(ll)  bromide  with  potassium  in 
liquid  ammonia  at  its  boiling  point  is  best  interpreted  a6  involving 
the  addition  of  two  electrons  to  the  4-coplanar  tetrammineplatinum(II) 
ion  to  form  a neutral  tetrammine  of  platinum(O).  Decomposition  of 
this  product  yields  only  ammonia  and  platinum;  the  latter  is  an 
effective  catalyst  for  the  hydrogenation  of  olefins.  The  interaction 
of  tetrammineplatinum(II)  bromide  and  potassium  amide  in  liquid 
ammonia  yields  platinum(II)  amide  2-ammonate. 
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" Pentammineiridium(O)" 

By  George  W.  Watt  and  Peggy  I.  Mayfield 

(Manuscript  accepted  for  publication  in  The  Journal  of  the  American 
Chemical  Society.  ) 

Abstract 

The  reduction  of  bromopentammineiridium(III)  bromide  with  potassium 
in  liquid  ammonia  at  its  boiling  point  results  in  complete  removal  of 
bromine  and  the  formation  of  ammonia -insoluble  pentammine- 
iridium(O).  Thermal  decomposition  of  this  product  produces  only 
ammonia  and  iridium;  the  latter  is  effective  as  a catalyst  for  the 
hydrogenation  of  olefins.  The  reaction  between  bromopentammine- 
iridium(lll)  bromide  and  potassium  amide  in  liquid  ammonia  yields 
iridium(lll)  amide  1-ammonate. 
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"Kinetics  of  the  Hydrogenation  of  Olefins  over  Adams  Platinum  Catalyst" 
By  George  W.  Watt  and  M.  T.  Walling,  Jr. 

(Manuscript  to  be  submitted  for  publication  in  The  Journal  of  Physical 
Chemistry.  ) 

Abstract 

The  role  of  (a)  weight  of  catalyst,  (b)  hydrogen  pressure,  (c)  tem- 
perature, (d)  agitation  efficiency,  (e)  concentration  of  acceptor,  and 
(f)  concentration  of  product,  as  determinants  in  the  rate  of  hydro- 
genation of  olefins  over  Adams  platinum  catalyst  has  been 
determined.  The  reactions  are  first  order  with  respect  to  hydrogen 
pressure,  zero  order  with  acceptor  concentration  in  the  case  of 
hexene- 1,  but  of  no  simple  kinetic  order  in  the  case  of  allyl  alcohol. 
The  rates  are  independent  of  product  concentration.  Activation 
energies  are  within  the  range  500-2500  cal.  /mole.  In  both  cases, 
rates  increase  linearly  with  the  weight  of  catalyst  where  small 
weights  are  involved,  but  approach  a limiting  rate  cs  the  weight 
of  catalyst  is  increased.  Equations  have  been  derived  to  relate 
reaction  rate  to  the  weight  of  catalyst/unit  weight  of  acceptor  and 
the  resulting  relationship  has  been  applied  with  reasonably 
satisfactory  results  to  data  relating  to  catalysts  other  than  Adams 
platinum. 


nrr 


| Krpntttrri  fr«.nt  the  lumM.il  (>f  the  (.'hriii.ii'  ^Kirt>  73.  Vi_>il  )'»\J 

iC°|,.',,v.lU  !'*•*»  I *»\  t*i«-  .\tncfi(.it)  CVmiujI  Soorly  ?c;»n*ilr«!  )«\  ;ri  nits^on  «»f  ihr  copyright  <*,\ 


THE  LOWER  OXIDATION  STATES  OF  ALUMINUM1 2 
Sir: 

Evidence  for  the  existence  of  the  -}-2  and  -|-1 
oxidation  states  of  aluminum  includes  demonstra- 
tion of  the  existence  of  certain  comixmnds  prepared 
in  the  absence  of  solvents,1  sjiectroscopic  evidence,* 
and  data  relating  to  the  anodic  oxidation  of  alu- 
minum in  liquid  ammonia  and  other  solvents.* 
Thcrmoeheniical  considerations4  also  indicate  that 
these  oxidation  states  should  exhibit  appreciable 
stability  even  in  the  form  of  the  crystalline 
halides. 

We  wish  to  make  a preliminary  report  on  what 
we  believe  to  be  conclusive  evidence  for  the  exist- 
ence of  these  oxidation  states  in  solution,  based 
upon  jX)tentiometrie  titrations  of  liquid  ammonia 
solutions  of  ahmiinum(II!)  iodide  with  liquid  am- 
monia solutions  of  jxnassiuni  using  the  equipment 
and  procedures  described  previously.* 

In  a typical  experiment,  8.31  X 10-4  g.  eq.  wt.  of 
pure  aluininum(IIl)  iodide  dissolved  in  ca.  4.">  ml.  of 
anhydrous  liquid  ammonia  was  titrated  with  S./ib  X 

(1)  Tbb  work  was  lupportcd  in  part,  by  the  Office  of  Nava!  Re- 
aaarrb  Con  fra  rt  NAoa*  ftMIO 

(2)  G Grube.  A.  Schneider,  t'  KkIi  and  M Had.  7.  anc-g  CA<*n  . 
3*0.  120 

(3)  1..  M Ioster,  A S.  Russell  and  C N Cochran.  This  Jot  a sat.. 
71.  25*0  (19.M». 

(4)  For  review  and  primary  referent es  see  J Kleinberj.  “Unfamil- 
iar Oaidation  State*  and  Their  Stabiliution."  University  of  Kansas 
l’ress.  I.«»  fence.  Kao  . I960  p JO,  tf  KJcinberg.  el  at  . Tut*  Jovknal. 
in  pres* 

(.»)  1*.  trtnann.  Uelx  Cht-%  Acta  SS,  HO  '19*0). 

(0)  C» . W Watt  aud  J.  U Otto.  Jr..  J U/ctroc Soc.,  tl.  1 
(HOI) 


10" J M potassium  solution.  The  titration  curve 
shows  two  quite  distinct  cnd-jxhnts  which  corre- 
spond to  the  addition  of  3.25  and  (>.(i0  ml.  of  the  ]xi- 
tassinm  solution;  the  calculated  volumes  required 
for  reduction  of  AI  + I to  A1  f 2 and  Al4'1  are  3 21  and 
0.-I9  ini.,  respectively. 

F<>llowing  the  end-jxhnt  corrcsjxmding  to  com- 
pletion of  reduction  to  A1‘J,  a trace  of  white  crys- 
talline solid  apjx-ars.  the  (X)tential  decreases  gradu- 
ally, then  increases  until  the  end-jxiint  corrcsjxmd- 
ing  to  Al*1  is  reached.  A similar  trend  is  observed 
following  reduction  to  A!*1.  In  view  of  the  known 
chemistry  of  AI*3  in  liquid  ammonia, :s  it  seems 
reasonable  to  attribute  this  lxihavior  in  l>o tli  in- 
stances to  the  occurrence  of  slow  ainmonolvtic  re- 
actions  resulting  in  the  separation  of  ammonobasic 
salts.  Finally,  when  a slight  ;*?:cess  of  potassium 
over  that  required  for  reduction  to  Al°  is  added,  the 
jxitential  increases  ca.  1200  mv,  and  this  is  coinci- 
dent with  the  appearance  of  a ;x-rmanent  blue  color- 
ation which  is  too  intense  to  be  attributable  to  an 
ammonia  solution  of  aluminum.' 

These  and  related  experiments  will  be  described 
in  more  detail  in  a later  communication.  We  aie 
picsentlv  extending  this  method  to  the  study  of  the 
intermediate  oxidation  state  problem  with  other 
Group  III  elements,  and  those  of  both  the  lanthan- 
ide and  actinide  series. 

: i:  C Franklin  T.iia  [<>•  av  SI7 

Si  A Li.  McMroj.  J Kl«  inSrr*  jm.  A \V  I)a\,d9or..  ihij..  72.  .M7K 
ISJO.i. 

IiKr.Muvi:  ;r  ••f  Ciii-MisrKV  Gc-irou  V.  . Watt 

The  fMvKFsirv  of  Texas  James  i. 

Acsri-..  Tt  \ as  ('.Ri/'.c  rv  It.  tn  .i-it; 
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POTENTIOMETKIC  TITRATION  OF  HALIDES  OF  AU  MINI  M,  GALLIUM, 
INDIUM  AND  THALLIUM  WITH  POTASSIUM  IN  LIQUID  AMMONIA1 2 


By  Geouul  \V.  Wait,  James  L.  Ham.  and  Gkegouy  K.  C'hoitin 

Department  of  Chemistry,  The  l.'niversity  of  Texas,  Austin,  Texas 
Hectxctd  Snrembtr  SH,  1 9.i J 


The  |H)lcntiomctric  titration  of  t ho  of  gallium(l  1 1 ) ami  imlium(III)  with  solid  i at  is  of  (xituasiuiu  in  liquiil  ammonia 

provide*  evidence  only  for  the  three-electron  changes  resulting  in  the  formation  of  the  corresjxinding  elemental  metals. 
Similar  titrations  involving  thalliumflll ) chloride  are  complicated  by  the  fart  that  the  elemental  thallium  first  produced 
competes  in  the  reduction  of  the  +3  chloride.  These  studies  provide  evidence  fi  - the  formation  of  T1  * *;  elemental  thallium 
is  the  eml-product  of  the  reduction  reaction.  Further  studies  on  the  (Kitentiometric  titration  of  aluminumflll ) iodide  with 
liquid  ammonia  solutions  of  potassium  and  potassium  amide  and  different  possible  reaction  mechanisms  are  considered. 
The  reaction  with  potassium  amide  produces  :ilumiuum(III ) amide  which  is  thereafter  converted  to  |M>taHsium  atnmono- 
aluminate. 


This  paiKtr  is  coiirtrtuHl  with  results  obtained  in 
studios  involving  :i  novel  approach  to  the  detection 
and  chanudcrizatioti  of  untisual  oxidation  states 
of  the  elements.  The  method  itt  question  consists 
of  the  potentioinctrie  titration  of  liquid  ammonia 
solutions  of  appropriate  salts  of  higher  oxidation 
states  of  tin;  elements  with  standard  solutions  of 
alkali  or  alkaline  earth  metals  in  liquid  ammonia. 
The  titrations  are  conducted  below  the  normal 
boiling  jwitit  of  ammonia  ( r.g .,  —38  to  —10°} 
in  an  anhydrous  and  oxygen-free  system  using 
equipment  attd  procedures  substantially  identical 
with  those  described  by  Watt  and  Otto.* 

Experimental 

Materials  With  lhc  exceptions  noted  lx  low,  ail  niaic- 
riuls  employed  in  this  work  const-led  of  reagent  grad'- 
chemicals 

Aluminumf  111)  iixJidc  wax  prepared  hv  direct  union  of 
lhc  elements  by  a metluxl  es|x-eiallv  designed  to  yield  a 
product  fns'  of  elemental  imbue.  This  prixedure  will  lx' 
ilrorrilml  else  where.* 

(1)  Tbu»  work  mi»  si)|i|»orl«*«l  in  purl  by  <lir  Oir»c«*  of  Natal  1<«  • 
aeiidi,  Contract  N6o&r-26610. 

(2)  Dm^nlcd  at  the  Syiupoaium  on  L.  ;uul  Ammoini  Cheiuialry. 
Sa* I i|e ni tier.  19W,  Mrclinjt  ot  1 lie*  Kincruan  Clirnncit  Sociel)  , Atlantic 
City,  N.  J. 

(J)  (i  W Wait  anvl  J.  II  Oil**  Jr.  J.  EUtitixhtm  Soe.,  M.  1 

unn. 

(4)  <».  W.  Wall  and  J L.  Hall  “tiiorcanir  S>  nlhraca/*  Vol.  IV. 


Anal,  Calcd.  for  All,:  Ai,  0.0;  I,  93.4.  Koun.l:  Al, 
0.5;  1,93.2. 

(iallium(III)  iixliih'  was  prepared  hv  essentially  the 
method  deserilxsl  hy  Johnson  and  l’arsons.1 

A»al.  Calcd.  for  Gab;  I.  84.fi.  Found:  I,  84.fi. 

With  only  minor  mixlifications,  the  method  of  Johnson 
and  Parsons  wax  also  used  in  the  preparation  of  im)iuin(III) 
iixlidc. 

Anal.  Calcd.  for  Inh:  1,77.0.  Found:  I.77.C. 

In  the  absence  of  a satisfactory  procedure  for  tlu- prepara- 
tion of  either  the  halide  or  bromide  of  thallium(III),  the 
corrrs|xmding  chloride  was  obtained  from  the  City  Chemical 
Corporation  and  ux«l  without  further  purification  despite 
its  lesser  solubility  in  liquid  ammonia. 

Method*. — Since  the  equipment  and  procedures  involved 
m rarrying  out  the  txitontionictric  titrations  have  lxs  n dc- 
M-rils'd  in  considerable.  detail  elsewhere*  they  need  not  !*• 
discussed  here  except  to  [xiint  out  that  the  initial  volume  of 
the  liquid  ammonia  sobilious  titrated  was  in  all  eases  ap- 
proximately 50  ml.  Reactions  carried  out  on  a larger  scale 
and  liaving  as  their  objective  the  isolation  and  identification 
of  intermediates  and/or  final  prixlucts  employed  equipment 
and  techniques  of  the  type  dcxcnlxxl  hy  Watt  and  Keenan.* 

Titration  of  Th*Uium(III)  Chloride.-  A solution  and  sus- 
[x-nsion  of  0 91  mcq.  of  thallium(III)  chloride  and  2.01  incq. 
of  sodium  chloride  (in  solution,  ax  a supporting  electrolyte) 
was  titrated  with  a 0.0586  M solution  of  potassium  in  liquiil 
ammonia.  The  data  for  a typical  case  are  given  in  Fig.  1 
When  the  first  portion  of  potax-.ium  solution  was  added  a 

(A)  \\ , (‘  Johnson  amt  I H.  I'afsnns.  Tn;*»  Joi'mmi.  34.  1210 
X 19-10). 

I'fi)  O.  W.  Wait  and  (*.  W.  K«  '-n»n.  J .1m  Chtm.  , 71.  1H11 
(1949) 


in  prra*. 


(ikokcje  W.  W.vrr,  James  L.  Hale  and  Gkecoky  R.  Ciioppin 
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K Soln.,  ml. 

Fig.  I.  -I’otcntionietrir  titration:  tlmlliuin(III)  clilori<le 

with  |K)tassiu:n. 

Mark  precipitate  formed  hut  rather  quickly  disap|xarcd. 
As  the  titration  proceeded,  however,  the  rate  of  disapjxaranco 
of  this  product  dem-nsed;  some  of  it  agglomerated  and  set- 
lled  to  tile  lKitloni  of  the  reactor  when.*  it  thereafter  re- 
acted  slowly  if  at  all.  Finally,  upon  addition  of  potassium 
solution  iu  excess  of  that  required  for  complete  n -duct  ion 
to  elemental  thallium,  the  solution  assumed  the  characteris- 
tic blue  color  of  solutions  of  alkali  metals  in  ammonia  and 
the  accompanying  increase  in  txitential  was  that  character- 
istic. of  such  solutions .*  The  f line  color,  however,  was  not 
fx-rmanent,  hut  it  decreased  in  intensity  only  slowly.  The 
ammonia -insoluble  product  of  the  reduction  reactions  was 
identified  us  elemental  thallium  hv  means  ot  an  X-ray  dif- 
fraction pattern  obtained  using  CuKa  radiation,  a nickel 
filter,  a tills-  voltage  of  .10  kv.,  a filament  current  of  15  nm. 
and  an  eX|H>sure  time  of  4 hr.  Found  (relative  intensities 
in  parent hex-s):  r i — 2.62  (strong),  1 .72  (medium)  and  1.57 
(medium).  The  corresponding  values  from  the  lilerature: 
are:  d - 2.62(1.00),  1 .7:1  (0..1)  and  1.57(0.5). 

Titration  of  Indiura(III)  Iodide.  A solution  containing 
0.70  nteq.  of  indium(III)  iodide  was  titrated  with  a liquid 
ammonia  solution  0.01518  M with  respect  to  (Hitaasiuiu  (sts; 
Fig.  2).  I'jKin  tho  first  addition  of  potassium  solution  there 
appeared  a black  precipitate  of  elemental  milium  which 
continued  to  form  as  the  titration  proceeded . 

Titration  of  Galliutn(III)  Iodide.  The  titration  of  a solu- 
tion of  0.45)  mcq.  of  galliuin(III)  iodide  with  0.0401!  .1/  po- 
lassium  solution  to  form  elemental  gallium  ( K i g . d)  pro- 
cis-dcd  in  a manner  substantially  identical  with  that  de- 
scrilx-d  for  indium. 

Titration  of  Aluminumflll'  Iodide.*— In  a typiral  case, 
0.8.1  ine<|.  of  aliiininumiUI ) iodide  iu  solution  ill  liquid 
ammonia  win  titrated  with  00541  .1/  potassium  solution 
(see  Fig.  4s.  As  the  progress  of  the  t it  ration  approached  the 
first  mininiiim  shown  in  the  curve  (Fig.  4)  a vorv  finely 
divideil  grav-uliitc  solid  Ix-gan  to  separate  from  the  solu- 
tion and  this  jx-rsisted  throughout  the  remainder  of  the  ti- 
tration. \fter  the  addition  of  that  in  renient  of  jKitassiuni 
-Million  which  provided  the  first  excess  of  alkali  metal,  the 
blue  potassium  solution  ami  the  gray-while  solid  coexisted 
apparently  without  change  over  |x-ri<«|s  greater  than  five- 
hours. 

(7>  IS  T.M.  {n«t*'<  -*f  \-IUv  Diffraction  i*»ttrrn«. 

8)  Cf.  (I.  W.  \V»(i  J t.  Hall  an<l  (i  K Ohopf'in  J ,1m  C’Jirm. 

TJ.  M.H>  (in.il» 


K Koln.,  ml. 

I-'ig.  2.  Potentionietric  titration:  indiuin(lll)  iodide  with 
potassium. 


K Soln.,  ml. 

Fig.  ;l. — I’otentionietric  titration:  gallium(III)  iodide  with 

|M)taaaium. 

In  order  to  choose  between  different  jxesi Me  mechanisms 
that  might  In?  compatible  with  experimental  results  of  the 
type  shown  iii  Fig.  4,  it  would  la:  helpful  to  know  whether 
any  hydrogen  ix  evolved  during  the  course  of  the  reduction 
reactions.  It  is  impractical  to  attempt  to  secure  this  in- 
formation from  the  jiotciilioniotric  titration  runs  since  tie 
solutions  that  arc  titrated  are  stirred  by  means  of  a stream 
of  anhydrous  oxygen-free  nitrogen  that  is  presaturated  with 
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Kin.  4. — l’otcntiomctrie  titration:  nluminum(IU)  i<xli<Is 

with  |H)t:iasrnin. 

ammonia. ’ Hewn:  if  hydrogen  were  formed,  its  volume 
would  Ik-  negligible  in  relation  to  the  volume  of  nitrogen 
■olleeted  and  the  measurement  of  the  quantity  of  hydrogen 
would  lie  quite  in.irourate.  Accordingly,  this  difficult'  was 
overcome  by  reducing  aluminum!  Ill ) iodide  with  potassium 
solution  on  a considerably  larger  scale  using  equipment  of 
the  type  doscnlxxl  previously4  which  provides  for  stirring 
with  a stream  of  ammonia  only  and  for  the  collection  and 
analysis  of  water-insoluble  gases.  In  four  separate  experi- 
ments, 4.5,  4.0,  7.2  and  2.5  meq.  of  alumimim(III)  iodide 
(each  sample  in  an  initial  volume  of  approximately  40  ml.  of 
liquid  ammonia)  were  titrated  with,  respectively,  0.10,  0.22, 
0.64  and  0.34  M |xilnssium  solutions.  The  major  variable 
in  these  four  experiment*  was  the  rate  of  addition  of  die 
potassium  solutions  which  was  varied  (respectively)  from 
r/j.  7 to 0.5  hr.  Although  the  four  results  wore  not  entirely 
internally  consistent,  the  volumes  of  hydrogen  collected 
during  the  coarse  of  the  reduction  reactions  varied  from  0 to 
> lOO'  j of  that  calculated  on  the  assumption  that  ail  of  tin1 
potassium  aided  reacted  to  form  an  equivalent  quantity  of 
hydrogen,  further,  tiie  volume  of  hydrogen  formed  ap- 
|*ars  to  de|x  ml  lt|xm  tiie  rate  at  wiiieh  the  (xitassinm  xolu- 
tion  is  aided. 

Titration  of  Aluminum(III)  Iodide  with  Potassium  Amide. 

— In  other  ex|K*ritneiit.s  fxiteiltially  of  imixirtaurc  in  the 
interpretation  of  the  reduction  reactions  dcxerilxd  alx.ve. 
106  m<;q • of  ahiminum(lll)  i<xli<le  in  ca.  .50  ml.  of  liquid 
ammonia  solution  was  titrated  with  0 0478  M potassium 
amide  solution.  The  resulting  data  are  shown  in  Fig.  5 

Discussion 

lu  view  of  the  well  established  stability  of  the 
I’IT|  it  was  anticipated  that  flu-  potent iomelrir 
litration  of  thnllimn(III)  ehloride  with  potassium 
might  at  least  give  evidence  of  the  successive 
formation  of  'IV  and  'l'I°.  For  t he  ease  shown  in 
Fig.  1.  corresponding  changes  in  potential  should 
occur  upon  addition  of  10  3 and  I a..’)  ml.  of  potas- 
sium solution  However,  the  reaction  that  occurs 
as  the  result  ut  the  addition  of  the  first  2.2  ml.  of 
potassium  solution  (see  Fig.  F)  evidently  involves 
the  partial  reduction  of  Tl’5  to  black  ammonia- 
insoluble  ’iT  w hich  in  I urn  reacts  fairly  rapidly  to 


KNHj  Solti.,  ml. 

Fig.  5.— Potent  iomelrir  titration:  aluminum(III)  lodld* 

with  |x)L'ussium  amide. 

reduce  ..ome  of  the  remaining  Tl**  to  Tl*1  and/or 
Tl  *3.  The  reaction  between  'l'l°  and  Tl”  sterns 
more  probable  than  a possible  interaction  of  'FI0 
and  the  solvent’  since  the  rate  at  which  the  'FI0 
reacts  np|)cars  to  decrease  progressively  as  the 
supply  of  Tl*’  decreases.  Following  the  addition 
of  2.2  ml.  of  potassium  solution,  tiie  black  solid 
(identified  as  elemental  thallium  at  the  end  of  the 
run)  was  present  as  a solid  phase  in  increasing 
quantity  as  the  titration  progressed  and  it  appeared 
to  react  only  relatively  slow  ly  for  a time  and  finally 
not  at  all.  Owing  to  the  interference  by  this 
concurrent  reaction  involving  Tl°,  it  is  not  to  lie 
t:\pecled  that  the  two  subsequent  changes  in  po- 
tential could  lie  correlated  strictly  with  the  antici- 
pated stoichiometry  corresponding  to  possible 
intermediates  in  the  reduction  process.  Thus  in 
the  case  of  the  data  of  Fig  I,  it  is  apparently 
fortuitous  that  the  increase  in  potential  amounting 
to  0.2  v.  that  occurs  upon  addition  of  SO  ml.  of 
potassium  solutions  agrees  well  with  the  value  of 
7.8  ml.  calculated  on  the  assumption  that  the  Tl® 
first  produced  then  reduces  'FI*5  to  Tl*3  and  Tl’1. 
Actually,  this  increase  in  potential  probably  corre- 
sponds to  the  completion  of  reduction  to  Tl*1 
but  is  displaced  to  the  left  owing  to  reduction 
attributable  to  Tl0.  In  effect,  the  intermediation 
of  reduction  reactions  involving  t he  freshly  pre- 
cipitated Tl®  rentiers  the  data  for  tin*  remainder  of 
the  titration  almost  impossible  of  rigorous  inter- 
pretation. Furthermore,  it  has  liecn  found  that 
data  of  tht>  type  shown  in  Fig.  1 are  not  st  rid  ly 
reptodueihlc;  the  same  changes  in  potential  are 
observed  from  run  to  run  but  the  relative  positions 

■‘,l  v U M»* Kirov.  J Kl.inlui-  .ml  \ W D:»\ niton.  J.  Am 
Chem.  Soc  . T4.  7.1#  (!■•*,.»,;  <•/  (\  \ . S,  « ly.  » »«i  M llor.  ''Co.*:i|.r**hfii- 
»iveTfr»I;srnn  Inorfcam*’  »n«l  Tiieun-tM  Hl  C *li»- tni«f  ry  *•  Vol.  V.  Long- 
»n*nv  (Irccn  and  (’o  . Ww  York.  N*.  Y..  r»17.  p . J 1 . 
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at  which  these  changes  occur  arc  somewhat  subject 
to  variation. 

The  data  shown  in  Figs.  2 and  3 indicate  that  the 
reduction  of  the  iodides  of  indium(III)  and  gallium 
(III)  involves  only  the  three-electron  changes 
corresponding  to  reduction  to  the  respective  ele- 
mental inotals.  Evidently  the  +2  and  +1  oxida- 
tion states  of  those  elements  are  not  stable  in 
liquid  ammonia  under  tin*  condition*  involved  in 
these  experiments  These  results  are  somewhat 
surprising  in  view  of  existing  evidence  for  these 
lower  oxidation  states  in  liquid  ammonia,  other 
solvent  media  and  in  the  solid  state. !“ 

The  results  obtained  in  the  potentiomotric  titra- 
tion of  aluminum(III)  iodide  with  potassium  have 
previously  l>een  interpreted'  as  evidence  for  the 
existence  of  the  +2  and  f- 1 oxidation  states  of 
aluminum.  With  reference  to  Fig.  4,  for  example, 
the  calculated  volumes  of  potassium  solution  re- 
quired for  reduction  of  A1  ~3  to  A1 ***  and  A1  *‘*1  are  .1. 1 
and  10.2  ml.,  respectively.  An  inspection  of  lug.  4 
shows  that  tin;  exjjeriinental  results  are  in  excellent 
agreement  with  these  values  and  the  reproducibility 
of  these  results  has  been  amply  demonstrated. 

It  has  been  suggested,  however,  that  these 
results  might  also  be  explained  in  terms  of  a series 
of  acid  -base  equilibria,"  c.<j. 

Al **  - MI,  AINU,  * 8 -r  Nil,* 

AINU,*8  + MI,  ^ AI(XH,),*>  + MI,* 
AI(MI,'„"  t-  MI,  AI(NII:),  -t  MI,* 

wherein  tin?  observed  changes  in  potential  could 
correspond  successively  to  the  three  alutninum- 
containingspeciesshown  alxjve.  Thus  it  is  proposed 
in  effwt  thut  the  ulumimim(IIl)  iodide  is  ammono- 
lyzed  and  that  the  reaction  that  occurs  upon 
addition  of  potassium  is  that  with  Nil,**  to  liberate 
hydrogen.  Our  experiments  designed  to  determine 

MO)  l*«>r  rrtirw  and  primary  r«*frrrrti  «:?•  -I.  KlriM>rrjj.  “l*n- 

farr.tlinr  Ox.dalion  Stair*  ami  Tlirir  Stsihiluntion."  Tnivcntly  of 
Kana&ri  l*r«*v».  l.»*vrrnrc,  Ktin  . J.  Chrm  Education.  19,  324 

• il)  H.  A it  private  rom  m i miration. 


whether  hydrogen  is  evolved  have  led  to  results 
that  are  not  satisfactorily  conclusive.  It  appear* 
that  hydrogen  is  indeed  evolved  in  substantially 
the  stoichiometric  quantity  if  the  reaction  is  carried 
out  rapidly  but  that  the  quantity  of  hydrogen 
liberated  decreases  as  the  time  of  addition  of 
potassium  solution  is  increased  to  as  much  as  7 hr. 
Since  the  potentiometrie  titration  must  lie  carried 
out  very  slowly  (c./j..  periods  of  time  of  the  order 
of  48  hr.)  in  order  to  ensure  the  re-establishment  of 
equilibrium  after  each  addition  of  potassium,  there 
remains  tin-  question  as  to  whether  any  hydrogen  is 
produced  in  inns  of  the  type  that  led  to  the  data  of 
Fig.  4.  Additional  experiments  concerned  with  the 
questions  of  hydrogen  formation  and  the  identity 
of  other  ammonia-insoluble  intermediate  and  final 
reduction  products  are  in  progress. 

Two  additional  lines  of  evidence  bearing  upon 
the  mechanism  of  the  reduction  of  aluminum(lll) 
iodide  with  potassium  also  merit  consideration. 
If  the  data  of  Fig.  4 are  to  be  interpreted  in  terms 
of  ammonolysis,  it  might  he  expected  that  the  same 
intermediate  and  final  species  should  l>e  formed  by 
the  reaction  between  aluminum (II I)  iodide  and 
potassium  amide  in  liquid  ammonia.  That  such 
is  clearly  not  the  case  is  shown  by  the  data  of  Fig.  5. 
The  changes  in  potential  that  occur  upon  addition 
of  22.1  and  29.5  ml.  of  potassium  solution  conform 
almost  exactly  to  the  icactions 

Al*8  + 3K.MI,  — A)(M!,)i  + 3K  + 

AI(NHj),  + K.NHj  — >-  KAI(MIj), 

The  white  aminonia-insolublc  alurainum(III)  amide 
that  is  formed  first  then  reacts  with  additional 
potassium  amide  to  form  a soluble  salt  of  an  ampho- 
teric base.  Finally,  it  should  be  pointed  out  that 
if  aluminum(III)  amide  were  the  final  product  of 
the  reduction  of  aluminuin(III)  iodide  with  potas- 
sium, any  excess  of  the  metal  added  would  un- 
doubtedly react  with  the  insoluble  amide  to  form 
one  or  more  salt:*,  of  this  amphoteric  base.  It  was 
observed,  however,  that  solutions  of  potassium 
do  not  react  with  the  end-product  of  the  reduction 
react'on  over  period::  up  to  several  hours. 
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"Aluminum(I)  Iodide" 

By  George  W.  Wait  and  James  1*.  Hall 

(Manuscript  to  be  submitted  for  publication  in  The  Journal  of  the  American 
Chemical  Society.  ) 

Abstract 

The  reduction  of  one  mole  of  aluminum(lll)  iodide  with  two  gram- 
atoms  of  potassium  in  liquid  ammonia  at  -33.  5°  yields  a white 
ammonia- insoluble  solid  which  contains  only  aluminum,  iodine, 
and  ammonia.  Aluminum  and  iodine  are  present  in  exactly  a 1:1 
ratio;  the  ammonia  is  loosely  bound  and  is  lost  slowly  at  room 
temperature.  When  heated  to  800°,  ammonia  is  the  only  gaseous 
product;  the  residual  solid  contains  one  gram-atom  of  potassium/ 
gram-atom  of  iodine.  The  data  indicate  that  the  primary  reduction 
product  consists  of  the  3-ammonate  of  aluminum(I)  iodide  and  the 
only  contradictory  evidence  is  the  fact  that  this  product  fails  to 
exhibit  reducing  properties. 
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"Potentiometric  Titration  of  Simple  Salts  with  Potassium  in  Liquid  Ammonia. 

By  George  W.  Watt,  Gregory  R.  Choppin,  and  James  L.  Hall. 

(Manuscript  accepted  for  publication  in  The  Journal  of  the  Electrochemical 

Society.  ) 

Abstract 

By  means  of  potentiometric  titrations  of  solutions  of  salts  with 
solutions  of  potassium  in  liquid  ammonia  at  -38°,  it  has  been  shown 
that  bismuth(lll)  iodide  is  reduced  to  Bi°,  K^Bi^,  and  K^Bi^  without 
intermediation  of  either  the  + 2 or  ♦ 1 oxidation  state  of  bismuth. 

The  reduction  of  Iron(H)  bromide  is  very  complex  and  apparently 
does  not  involve  the  intermediate  formation  of  Fe+*.  The  reduction 
of  potassium  nitrate  involves  only  the  reduction  of  nitrate  ion  to 
nitrite  ion,  followed  by  precipitation  of  potassium  hydronitrite. 

Data  relative  to  the  reduction  of  cobalt(II)  nitrate  have  permitted 
a choice  between  two  possible  reduction  mechanisms  previously 
proposed.  The  data  presented  in  this  paper  clearly  demonstrate 
the  usefulness  of  the  potentiometric  titration  technique  in  the  study 
of  the  mechanism  of  inorganic  reduction  reactions  in  ammonia. 
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"Potentiometric  Titration  of  Ammines  of  Rhodium,  Iridium,  and  Platinum 
with  Solutions  of  Potassium  and  Potassium  Amide  in  Liquid  Ammonia" 

By  George  W.  Watt,  Gregory  R.  Choppin,  and  James  L.  Hall 

(Manuscript  accepted  for  publication  in  The  Journal  of  the  Electrochemical 
Society.  ) 

Abstract 

Potentiometric  titration  of  tetrammineplatinum(II)  bromide  with 
potassium  in  liquid  ammonia  at  *38°  shows  that  the  reduction  of 
this  salt  to  tetrammineplatinum(O)  is  exactly  a two  electron  change 
and  that  the  +1  oxidation  state  of  platinum  is  not  an  intermediate. 
Similar  reduction  of  bromopentammineiridium(IH)  bromide  is 
apparently  more  complex  and  leads  to  observed  changes  in  potential 
that  do  not  correspond  to  any  reasonable  or  probable  reactions. 

The  titration  of  this  same  iridium  salt  with  potassium  amide  solu- 
tion, however,  provides  evidence  for  the  stepwise  replacement 
of  bromide  by  amido  groups  followed  by  the  conversion  of  the 
resultant  iridium(IH)  amide  to  (probably)  a potassium  amidc- 
iridate(III).  Bromopentamminerhodium(IlI)  bromide  and  potassium 
amide  react  similarly,  but  only  to  and  including  the  formation  of 
rhodium(III)  amide. 
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"Mechanism  of  the  Reduction  of  Potassium  Tetracyanonickelate(il)  and 
Potassium  Hexacyanocobaltate(lII)  with  Potassium  in  Liquid  Ammonia" 

By  George  W.  Watt,  James  L.  Hall,  Gregory  R.  Choppin  and 
Philip  S.  Gentile. 

(Manuscript  accepted  for  publication  in  The  Journal  of  the  American 
Chemical  Society.  ) 

Abstract 

Uncertainties  remaining  from  earlier  wcrk  on  the  reduction  of 
potassium  tetracyanonickelate(ll)  with  potassium  in  liquid  ammonia 
at  >33.  5°  have  been  clarified  by  means  of  potentiometric  titrations. 
Two  one -electron  steps  are  involved  when  the  salt  is  in  excess, 
and  one  two-electron  reaction  when  potassium  is  in  excess.  Potas- 
sium tetracyanocobaltate(l)  has  been  shown  to  be  an  intermediate 
in  the  reduction  of  potassium  hexacyanocobaltate(lll)  to  potassium 
tetracyanocobaltate(O). 
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